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Abstract
The detection of mid-wavelength infrared radiation (MWIR) is very important
for many military, industrial and biomedical applications. Present-day commercially
available uncooled IR sensors operating in MWIR region (2-5µm) use microbolometric detectors which are inherently slow. Available photon detectors (mercury cadmium telluride (MCT), bulk InSb and quantum well infrared detectors (QWIPs))
overcome this limitation. However, there are some fundamental issues decreasing
their performance and ability for high temperature operation, including fast Auger
recombination rates and high thermal generation rate. These detectors operate at low
temperatures (77K-200K) in order to obtain high signal to noise ratio. The requirement of cooling limits the lifetime, increases the weight and the total cost, as well as
the power budget, of the whole infrared system. In recent years, InAs/GaSb superlattice based detectors have appeared as an interesting alternative to the present-day
IR detector systems.
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These heterostructures have a type-II band alignment such that the conduction
band of InAs layer is lower than the valence band of GaSb layer. The effective
bandgap of these structures can be adjusted from 0.4 eV to values below 0.1 eV by
varying the thickness of constituent layers leading to an enormous range of detector
cutoff wavelengths (3-30µm). The InAs/GaSb SLs have a higher degree of uniformity
than the MCT alloys, making them attractive for large area focal plane arrays.
They provide a smaller leakage current due to larger effective electron mass, which
suppresses tunneling. This material system is also characterized by high operating
temperatures and long Auger recombination rates. This suggests the potential for
using the SLs technology for realizing high operating temperature devices.
This work is focused on the development of mid-IR InAs/GaSb SLs sensors with
high-operating temperature. Contributions of this thesis include 1) development of
growth and processing procedure for the n-on-p and p-on-n design of SL detectors
leading to improved detector performance, 2) careful evaluation of characteristics of
SL detectors, 3) methods of reduction of surface component of dark current (passivation techniques).

vii

Contents

List of Figures

xii

List of Tables

xx

1 Introduction

1

1.1 Basics of infrared detection . . . . . . . . . . . . . . . . . . . . . . . .

1

1.2 Blackbody Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . .

2

1.3 Atmospheric Absorption . . . . . . . . . . . . . . . . . . . . . . . . .

4

1.4 Infrared detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6

1.5 Figures of merit for infrared detectors . . . . . . . . . . . . . . . . . .

11

1.5.1

External quantum efficiency . . . . . . . . . . . . . . . . . . .

11

1.5.2

Noise equivalent power . . . . . . . . . . . . . . . . . . . . . .

13

1.5.3

Noise equivalent temperature difference . . . . . . . . . . . . .

15

1.6 Theoretical limit of detection . . . . . . . . . . . . . . . . . . . . . .

16

1.7 Performance of Focal Plane Arrays (FPAs) . . . . . . . . . . . . . . .

19

viii

Contents
1.7.1

Thermal detectors

. . . . . . . . . . . . . . . . . . . . . . . .

21

1.7.2

Photon detectors . . . . . . . . . . . . . . . . . . . . . . . . .

23

1.7.3

Comparison of competitive technologies . . . . . . . . . . . . .

29

1.7.4

QDIPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

31

1.8 Photodetectors based on InAs/GaSb superlattice . . . . . . . . . . .

35

1.8.1

General properties of InAs/GaSb Strain Layer Superlattice (SL) 35

1.8.2

Application of InAs/GaSb SLs for photodetection . . . . . . .

38

1.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

42

2 Experimental methods

43

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

43

2.2 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . .

44

2.3 X-ray diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

45

2.4 Photoluminescence . . . . . . . . . . . . . . . . . . . . . . . . . . . .

49

2.5 Spectral response measurements . . . . . . . . . . . . . . . . . . . . .

51

2.6 Responsivity measurements . . . . . . . . . . . . . . . . . . . . . . .

54

2.7 Auger electron spectroscopy . . . . . . . . . . . . . . . . . . . . . . .

56

2.8 Picosecond excitation correlation (PEC) measurements . . . . . . . .

57

2.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

59

3 Growth and optimization of SLs by MBE

ix

60

Contents
3.1 Molecular beam epitaxy . . . . . . . . . . . . . . . . . . . . . . . . .

60

3.2 In situ characterization techniques . . . . . . . . . . . . . . . . . . .

63

3.2.1

Measuring of growth rates and epilayer thicknesses . . . . . .

63

3.2.2

Measuring of substrate temperature during the growth . . . .

69

3.3 Preparation of the substrates

. . . . . . . . . . . . . . . . . . . . . .

71

3.4 Types of interfaces expected during growth of InAs/GaSb SLs . . . .

74

3.5 InAs/GaSb SL material optimization . . . . . . . . . . . . . . . . . .

76

3.5.1

Choice of shutter sequence . . . . . . . . . . . . . . . . . . . .

76

3.5.2

Strain optimization . . . . . . . . . . . . . . . . . . . . . . . .

79

3.5.3

Growth temperature optimization . . . . . . . . . . . . . . . .

81

3.5.4

Characteristics of material grown with optimized conditions .

85

3.6 Optical charazterization of absorption region . . . . . . . . . . . . . .

87

3.6.1

Measuring of SL’s absorption coefficient

. . . . . . . . . . . .

87

3.6.2

Influence of SL period thickness on the cut-off wavelength . .

89

3.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

90

4 N-on-P Photodiodes based on InAs/GaSb SLs
4.1 Single-pixel photodiodes . . . . . . . . . . . . . . . . . . . . . . . . .

92
93

4.1.1

Heterostrocture schematic . . . . . . . . . . . . . . . . . . . .

93

4.1.2

Fabrication of Detector . . . . . . . . . . . . . . . . . . . . . .

96

4.1.3

Single-pixel detector characterization . . . . . . . . . . . . . . 102

x

Contents
4.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5 Surface Passivation

111

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
5.2 Origin of surface states . . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.3 Native oxide formation on GaSb and InAs surfaces . . . . . . . . . . 114
5.4 Passivation

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.4.1

Sulfidization of III-V semiconductors . . . . . . . . . . . . . . 118

5.4.2

Formation of passivation coating during sulfidization . . . . . 118

5.5 Sulfidization of InAs/GaSb SLs detectors . . . . . . . . . . . . . . . . 121
5.5.1

Aqueous ammonium sulfide passivation . . . . . . . . . . . . . 122

5.5.2

Electrochemical passivation (ECP) treatment . . . . . . . . . 128

5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
6 P-on-N Strain Layer Superlattice Detectors

139

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
6.2 Growth and processing . . . . . . . . . . . . . . . . . . . . . . . . . . 140
6.3 Detector characterization . . . . . . . . . . . . . . . . . . . . . . . . . 141
7 Conclusions and future work

148

7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

xi

List of Figures
1.1

Electromagnetic Spectrum . . . . . . . . . . . . . . . . . . . . . . .

1.2

Planck’s law for a number of black body temperatures. Dashed line

2

represents Wien’s law. . . . . . . . . . . . . . . . . . . . . . . . . . .

4

1.3

Transmission of IR in atmosphere . . . . . . . . . . . . . . . . . . .

5

1.4

Schematic of PC detector . . . . . . . . . . . . . . . . . . . . . . . .

9

1.5

PIN construction and corresponding energy-band diagram showing
depletion width . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10

1.6

Spectral dependence of responsivity . . . . . . . . . . . . . . . . . .

13

1.7

Responsivity of ideal photon detector with different quantum efficiencies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

14

1.8

Detector enclosure limiting photon cone onto detector . . . . . . . .

17

1.9

BLIP limited D* versus peak cutoff wavelength for ideal photovoltaic
(PV), photoconductor (PC) and thermal detectors.

. . . . . . . . .

18

1.10 Specific detectivity for real PV detector with different quantum efficiencies

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xii

20

List of Figures
1.11 Magnified view of microbolometer array element (Honeywell, manufactured for Infrared Solutions) . . . . . . . . . . . . . . . . . . . . .
1.12 Spectral detectivity of various detectors [72]

22

. . . . . . . . . . . . .

24

1.13 Schematic diagram of GaAs/AlGaAs QWIP . . . . . . . . . . . . . .

29

1.14 Density of states for quantum well and quantum dot . . . . . . . . .

32

1.15 Heterojunction formed by InAs and GaSb . . . . . . . . . . . . . . .

36

1.16 Absorption in InAs/GaSb SL . . . . . . . . . . . . . . . . . . . . . .

37

1.17 Wavefunctions overlap in InAs/GaSb SL

38

. . . . . . . . . . . . . . .

1.18 Calculated variation of band-gap energy and cut-off wavelengths for
different layer thicknesses of InAs/GaSb SL . . . . . . . . . . . . . .

39

2.1

Experimental methods and the information obtained from them . . .

44

2.2

The essential AFM components

. . . . . . . . . . . . . . . . . . . .

45

2.3

Schematic diffraction of X-rays in the crystal . . . . . . . . . . . . .

46

2.4

Typical XRD spectrum from InAs/GaSb SL . . . . . . . . . . . . .

47

2.5

Determination of SL period . . . . . . . . . . . . . . . . . . . . . . .

48

2.6

PL diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50

2.7

Set up for undertaking PL measurements using a 980 nm pump laser

2.8

and FTIR spectrometer . . . . . . . . . . . . . . . . . . . . . . . . .

52

Geometry for the sample mounted inside the cryostat . . . . . . . .

52

xiii

List of Figures
2.9

Schematic for the spectral response setup. A glow bar source of FTIR
spectrometer servs as an infrared source. IR radiation is collectded
by a parabolic mirror and directed on the sample. Then measured
signal is amplified and supplied to FTIR for further processing . . .

53

2.10 Responsivity measurements set up. IR radiation from a black body
source is directed through a chopper onto the SL detector. The detector converts the incident radiation into an electrical signal, which
is then amplified and measured using a computer controlled network
analyzer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

55

2.11 (a) Creation of a hole in the K-shell by impact electron ionization
(b) emission of Auger electron . . . . . . . . . . . . . . . . . . . . .

56

2.12 Schematic of the PEC setup. BS is a beam splitter; M represents
mirrors; L1 and L2 are focusing lenses; L3 and L4 are PL collecting
lenses; P.A. is a preamplifier. . . . . . . . . . . . . . . . . . . . . . .

58

3.1

Diagram of MBE system growth chamber . . . . . . . . . . . . . . .

62

3.2

RHEED intensity oscillations during growth of a monolayer . . . . .

65

3.3

Measurement of Ga growth rate by RHEED oscillatons . . . . . . .

66

3.4

Group-III source calibration based on RHEED oscillations . . . . . .

66

3.5

Measured incorporation rate of As on GaSb substrate measured by
InAs RHEED oscillation as a function of flux . . . . . . . . . . . . .

68

3.6

Estimation of growth rates by SL method . . . . . . . . . . . . . . .

69

3.7

Si-dopant calibraton for InAs . . . . . . . . . . . . . . . . . . . . . .

70

3.8

Transition temperature of(1×3) to (2 × 5) reconstruction . . . . . .

71

xiv

List of Figures
3.9

(1×3) reconstruction RHEED patterns observed on GaSb surface . .

72

3.10 (2 × 5) reconstruction RHEED patterns observed on GaSb surface .

72

3.11 Initial stage of oxide removal from GaSb substrate . . . . . . . . . .

73

3.12 Final stage of oxide removal from GaSb substrate

. . . . . . . . . .

73

3.13 Possible types of interfaces during InAs/GaSb SL growth . . . . . .

75

3.14 Investigated shutter sequences . . . . . . . . . . . . . . . . . . . . .

77

3.15 FWHM of first-order SLS peak and lattice mismatch between first
order SLS peak and GaSb-substrate for set A . . . . . . . . . . . . .

80

3.16 FWHM of first-order SLS peak and lattice mismatch between first
order SLS peak and GaSb-substrate for set B . . . . . . . . . . . . .

81

3.17 FWHM of the HRXRD peak and integrated low temperature PL
intensity measured for different growth temperature 100 periods SL

82

3.18 High resolution cross sectional transmission electron microscopy (TEM)
image of an InAs 8ML/GaSb 8ML superlattice . . . . . . . . . . . .

83

3.19 Atomic Force Microscopy (AFM) image of a 0.5 × 0.5µm2 area GaSb
layer grown at Tt + 100 degrees. . . . . . . . . . . . . . . . . . . . .

84

3.20 Top part-Rms roughness measured by AFM; Bottom part - FWHM
of the HRXRD peak evolution with the growth temperature for a 1
µm thick GaSb layer. . . . . . . . . . . . . . . . . . . . . . . . . . .

85

3.21 HRXRD spectrum of a 500 periods GaSb(10MLs)/InAs(10MLs) SL
grown on top of a 1 µm thick GaSb layer. . . . . . . . . . . . . . . .

86

3.22 Low and room temperature PL from 500 periods 10ML GaSb/10ML
InAs SL grown on top of a 1 µm thick GaSb layer. . . . . . . . . . .

xv

87

List of Figures
3.23 Absorption coefficient of the 8ML InAs/8ML GaSb SLs measured at
300K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

88

3.24 PL for different InAs/GaSb SL period thicknesses . . . . . . . . . .

89

4.1

X-ray diffraction patterns from a 625 periods 8ML InAs/ 8ML GaSb
strain layer superlattice (SLs) detector sample. AlSb-etch stop layer
and InAs-top contact layer are also indicated . . . . . . . . . . . . .

4.2

94

A typical PL spectrum from a SLs sample. The black arrow depicts
value of SLs bandgap predicted by pseudopotential method (4.27 µm). 95

4.3

Schematic of the InAs/GaSb SLs n-i-p detector . . . . . . . . . . . .

96

4.4

Schematic of the masks used in fabrication process of SLs detectors .

98

4.5

Process flow for the top contact metallization . . . . . . . . . . . . . 100

4.6

Process flow for the mesa isolation etch . . . . . . . . . . . . . . . . 101

4.7

Dark current IV characteristics of a 400µm × 400µm SLs diode as a
function of temperature . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.8

The measured R0 A of the SLs diodes as a function of applied bias . 104

4.9

The measured R0 A of the 400µm x 400 µm SLs diode as a function
of temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.10 The normalized spectral response from a 300µm diameter device for
different temperatures. Note that the spectral response was observable at 300K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
4.11 The measured current responsivity and estimated value of the external quantum efficiency at λ = 4µm . . . . . . . . . . . . . . . . . . . 107

xvi

List of Figures
4.12 Noise current spectrum obtained at Vb =-0.02V, T=80K. The white
noise limited D ∗ and the 1/f noise limited D ∗ are shown in the figure.
Background system noise is also shown . . . . . . . . . . . . . . . . 108
4.13 Spectral detectivity as a function of applied bias at 300K . . . . . . 109

5.1

The formation of localized Tamm states in the forbidden energy region at the surface of a one-dimensional crystal . . . . . . . . . . . . 113

5.2

Surface state models (a) two discrete levels, (b) two bands, (c) merged
bands, (d) cosh-like bands, (e) ionic-like bands, (f) possibilities of
extrinsic distributions. Shaded regions are donor-like states and clear
regions are acceptor-like states. . . . . . . . . . . . . . . . . . . . . . 114

5.3

Ga − Sb − O and In − As − O equilibrium phase diagrams . . . . . 115

5.4

Tight-bonding predictions of the electronic states of Ga- and Asterminated GaAs (001)-(1x1) surfaces with S adsorption. The sp3
states of Ga, As and S are considered and the occupation number of
electrons is given to each state. The number in parentheses represents
the electron contribution from each atom in the formation of Ga-S
or As-S bond ( [60]) . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.5

PL intensity of passivated and unpassivated GaSb:Te

. . . . . . . . 123

5.6

The reciprocal of the R0 A product at 77 K versus the perimeter-toarea ratio for the passivated and the unpassivated superlattice samples126

5.7

Investigation of long-term stability provided by ammonium sulfide
passivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.8

Schematic of ECP set up . . . . . . . . . . . . . . . . . . . . . . . . 129

xvii

List of Figures
5.9

PL intensity of passivated GaSb:Te substrate at different applied
currents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

5.10 Dark current densities as function of applied voltage measured for
passivation schemes with different applied currents . . . . . . . . . . 132
5.11 Dark current densities measured for passivation schemes with different applied currents . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
5.12 Dark current densities measured for different passivation times . . . 134
5.13 1/R0 A product measured for different passivation times . . . . . . . 135
5.14 Coverage of sulphur atoms on the sidewall of the detector obtained
from Auger Electron Spectroscopy . . . . . . . . . . . . . . . . . . . 136
5.15 Dynamic impedance-area product at zero bias R0 A as a function of
temperature measured for the as-processed, stored two weeks without
inert atmosphere and passivated p-i-n detectors . . . . . . . . . . . . 137
5.16 Dark current densities for the unpassivated and passivated n-i-p detectors measured at 300K right after passivation and in 4, 8 and 12
weeks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.1

320x256 FPA based on p-on-n detector design

. . . . . . . . . . . . 141

6.2

Dark current density for 804 µm mesa size diode at 300K. Inset
showes values of dark current densities at -0.1V vs. mesa size at 300K.142

6.3

Dark current density at -0.1V vs. temperature for 204µm mesa side
diode. Inset shows IVs for the same device at 82K and 240K . . . . 143

xviii

List of Figures
6.4

Current responsivity and external quantum efficiency of p-on-n SL
detecor. Inset shows average normalized spectral response for the
204µm x 204µm device at 77K . . . . . . . . . . . . . . . . . . . . . 144

6.5

Spectral detectivity as a function of applied bias for 82K. Biasdependent QE is also shown for the same temperatures . . . . . . . 145

6.6

Spectral detectivity as a function of applied bias for 240K. Biasdependent QE is also shown for the same temperatures . . . . . . . 146

6.7

The dependence of dynamic resistance-area product at zero bias vs.
perimeter-to-area ratio for variable area diodes passivated by Si3 N4

6.8

147

Images obtained from 320x256 FPA based on p-on-n detectors . . . 147

xix

List of Tables
1.1

Classification of IR detectors . . . . . . . . . . . . . . . . . . . . . .

9

1.2

Different candidates for the third generation FPAs . . . . . . . . . .

31

1.3

Some important parameters for InAs and GaSb at 300K . . . . . . .

40

3.1

Comparison of different shutter sequences . . . . . . . . . . . . . . .

78

5.1

Descriptions of samples used in the PEC measurement . . . . . . . . 124

5.2

PEC signal decay time constants of InAs/GaSb superlattice passivation study samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.3

Parameters for the GaSb:Te substrate treated by ECP . . . . . . . . 130

5.4

Current optimization for ECP . . . . . . . . . . . . . . . . . . . . . 131

5.5

Optimization of passivation time . . . . . . . . . . . . . . . . . . . . 133

xx

Chapter 1
Introduction
In this chapter we introduce the general concepts of electromagnetic radiation and
infrared detection. Detector types, detection mechanisms and conventional figures
of merit will be discussed. Pros and cons of competitive technologies for focal plane
arrays (FPAs) operation (microbolometers, MCT, InSb, InAsSb, QWIP and QDIP)
will be presented and analyzed. Finally, alternative technology for mid wave infrared
(MWIR) detection based on InAs/GaSb Strain Layer Superlattices (SLs) will be
introduced.

1.1

Basics of infrared detection

All bodies with temperature above absolute zero (0K) emit photons. This phenomenon is known as thermal radiation. For bodies with temperature near 300K the
predominant portion of the radiation is not visible to the human eye. However, it
can be sensed as heat. As the temperature of a body is increased, more radiation is
emitted, and the dominant portion of its spectrum shifts so that its radiation begins
to be visible to humans. Thermal radiation is called infrared radiation (IR), and it
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covers the [0.77µm - 1000µm] range of the electromagnetic spectrum (Figure 1.1).

Figure 1.1: Electromagnetic Spectrum

1.2

Blackbody Radiation

The concept of black body (BB) as a hypothetical entity which absorbs all energy,
reflects none and emits energy with perfect efficiency is a convenient theoretical
model to study emitting properties of bodies at given temperature since the radiation
spectrum of BB is determined only by its temperature.
There are three main laws describing radiation of BB:
1. Planck’s law
This law describes probability distribution of emitted wavelengths at a given
temperature and can be written as
W (λ, T ) =

1
2πhc2
· hc
5
λ
e λkT − 1

(1.1)

where h is the Planck’s constant, k is the Boltzmann’s constant and c is the
speed of light. Units of W (λ, T ) are (W/m2 /µm).
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Planck’s curves for different temperatures of black body (300K, 1000K and
5000K) are shown in Figure 1.2. It is inferred from the figure that lower
temperatures require measurements at longer wavelengths. For the BB at
ambient temperature (300K) the great part of spectral emittance is located in
the infrared region whereas for the BB at high temperature (1000K or 5000K)
the predominant part of spectrum is located in the visible region.
2. Wien’s law
Wien’s law states a relationship between the temperature T of a black body
and wavelength λ

max

at which the intensity of the radiation it produces is a

maximum.

λmax =

2898
T

(1.2)

Here λ measured in µm and T in Kelvins. The peak of the Planck’s function
moves to shorter wavelengths with increasing temperature (as illustrated by
the dashed line in the Figure 1.2).
3. Stefan-Boltzmann law
It estimates the total energy radiated per unit area per unit time by a black body
at temperature T and is given by

M = σ · T4

(1.3)

where σ is Stefan-Boltzmann constant (5.67051 × 10−12

W
(cm2 ·K 4 )

)

Black-body laws are applicable to real objects by introducing a parameter called
emissivity ε. Emissivity is the ratio of energy radiated by an object at a given
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Figure 1.2: Planck’s law for a number of black body temperatures. Dashed line
represents Wien’s law.

temperature to that emitted by a BB at the same temperature. It is a measure of
a material’s ability to absorb and radiate energy. A true BB would have an ε = 1
while any real object would have ε less than unity.

1.3

Atmospheric Absorption

A description of the radiation spectrum from the source is not complete without
knowing the media of propagation of electromagnetic radiation. For IR radiation
propagating through the atmosphere the most important absorbers are carbon dioxide, water vapor and ozone. Some minor constituents, including carbon monoxide,
nitrous oxide, methane, and nitric oxide, are less significant absorbers (Figure 1.3).
As can be seen from the Figure 1.3, water vapor absorbs infrared radiation in the
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Figure 1.3: Transmission of IR in atmosphere

6.3 µm band and in several regions between 3 and 0.7 µm. Ozone has an absorption band in the 9.6-µm region. Carbon dioxide absorbs infrared radiation in three
narrow bands of frequencies, which are 2.7µm, 4.3µm and 15µm. The atmosphere is
relatively transparent from about 3 to 5 µm and 8 to 13 µm. These regions are referred to as atmospheric windows and are commonly used by IR detectors. It should
also be noted that for bodies with temperature close to ambient (300K) maximum
intensity of the Planck function occurs at 9.66 µm.
Windows in atmospheric absorption are used to classify IR radiation in the following
manner:

(i) Near Infrared Radiation (NIR) corresponding to wavelengths from 0.7 to 1.5
µm;
(ii) Short Wavelength Infrared Radiation (SWIR) corresponding to wavelengths
from 1.5 to 2.5 µm;
(iii) Medium Wavelength Infrared Radiation (MWIR) corresponding to wavelengths
from 3 to 5 µm;
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(iv) Long Wavelength Infrared radiation (LWIR) corresponding to wavelengths
from 8 to 12 µm;
(v) Very Long Wavelength Infrared radiation (VLWIR) corresponding to wavelengths from 12 to about 32 µm.

1.4

Infrared detectors

The central element of any IR detection system is the detector. The Detector is
the device which transduces the energy of electromagnetic radiation falling upon it
into some other form, in most cases, electrical. The methods of transduction can be
divided in two classes: thermal detectors and photon detectors. Thermal detectors
respond to the heat generated by the absorbed energy of the optical radiation whereas
the principal of operation of photon detectors is based on the direct interaction of
the optical radiation with the atomic lattice of material.
Photon detectors essentially measure the rate at which quanta are absorbed,
whereas thermal detectors measure the rate at which energy is absorbed. Photon
detectors require incident photons to have more than a certain minimum energy
before they can be detected. Their response at any wavelength is proportional to
the rate at which photons of that wavelength are absorbed. Because the number of
photons per second per watt is directly proportional to wavelength, the response of
a photon detector for equal amounts of radiant power per unit wavelength interval
decreases as the wavelength decreases below that corresponding to the minimum
energy. Thermal detectors respond only to the intensity of absorbed radiant power,
disregarding the spectral content in it. Thus they respond equally well to radiant
energy at all wavelengths.
Operation of thermal detectors requires two steps: first, absorbed radiation must
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change the temperature of the detector and second, this temperature change induces
some measurable parameter change in physical or electrical properties that is then
detected by associated instrumentation. Photon detectors generate free electrical
carriers through interaction of photons and bound electrons. The interaction of
light and matter produces a parameter change (resistance, conductance, voltage or
current) that is detected by an associated circuitry. Since photon-detection process
does not require the absorbed radiation to change the temperature of the detector
element, the time response of photon detectors is faster than that of corresponding
thermal detectors.
Thermal detectors employ transduction processes including the bolometric, thermovoltaic, thermopneumatic and pyroelectric effects. Photon detectors employ transduction processes including photovoltaic, photoconductive, photoemissive and photoelectromagnetic effects. Each process of transduction is described below.
• Bolometric effect: changes in the electrical resistance of the responsive element
due to temperature changes produced by the absorbed incident IR radiation.
• Thermovoltaic effect: the temperature of a junction of dissimilar metals is
varied by changes in the level of the incident radiation absorbed at the junction
and thus causes the voltage generated by the junction to change.
• Thermopneumatic effect: the radiation incident on a gas in a chamber increases
the temperature (and therefore the pressure) of the gas, which distorts a thin,
flexible mirror mounted on one of the chamber walls. The degree of distortion
can be detected optically by a separate system consisting of a light source and
detector.
• Pyroelectric effect: the incident IR radiation increases the temperature of the
crystalline responsive element. This temperature change alters the dipole moment which produces an observable external electric field.
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• Photoconductive effect: a change in the number of incident photons on a semiconductor causes a change in the average number of free charged carriers in
the material. The electrical conductivity of the semiconductor is directly proportional to the average number of these carriers. Therefore, the change in
electrical conductivity is directly proportional to the number of photons incident on the semiconductor.
• Photovoltaic effect: a change in the number of photons incident on a semiconductor p-n junction causes a change in the voltage generated by the junction.
• Photoelectromagnetic effect: photons absorbed at or near the surface of a semiconductor generate free charged carriers which diffuse into bulk and are separated by a magnetic field. This charge separation produces an output voltage
which is directly proportional to the number of incident photons.
• Photoemissive effect: an incident photon is absorbed by the sensitive surface.
It gives all its energy to a free electron at or near the surface of the sensitive
material. Thus, the kinetic energy of the electron is increased by an amount
equal to the photon energy. Before the electron can escape from the surface, it
may give part of its kinetic energy to atoms through collisions. If the electron
still has enough kinetic energy by the time it arrives to the surface, it can
escape from the surface and be detected.
Classification of thermal and photon detectors is presented in the Table 1.1. For
the thermal detector associated changed physical parameters are also presented.
There are two distinct types of photon detectors: photoconductive (PC) and
photovoltaic (PV). PC detectors are poor conductors whose conductivity is made
larger by the presence of the photon-generated carriers. If light of high enough energy
enters the device, photons excite bound electrons with sufficient energy to jump to
the conduction band. The photo-generated carriers are collected by the opposite
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Table 1.1: Classification of IR detectors
Photon detectors
Thermal detectors
Extrinsic (PC and PV)
Pyroelectric (capacitance)
Intrinsic (PC and PV)
Bolometer (resistance)
Photoemissive
Golay cell (mechanical displacement)
QWIPs and QDIPs
Superconductor (resistance)
Photoelectromagnetic
Thermocouple (voltage)
contacts resulting in free carriers that conduct electricity, thereby lowering the device
resistance (Figure 1.4) PV detectors are diodes that generate an electromotive force
when photons are detected. This electromotive force generates a current and voltage.
In the case of a PV detector, the presence of a semiconductor junction causes a
variation of electrical field in the p and n-regions of detector as shown in Figure 1.5.

Figure 1.4: Schematic of PC detector

In a photodiode, the optical radiation is absorbed at the junction of the two materials. The absorbed photons thus produce an electron-hole pair. These electron-hole
pairs experience an internal electric field generating an external current or voltage,
which can measured. PV detectors have an important advantage over PC detectors;
namely, the dominant noise mechanism in PV (shot noise)(eq. 1.4) is by a factor
√
of 2 smaller than the generation-recombination noise dominating in PC detectors
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Figure 1.5: PIN construction and corresponding energy-band diagram showing depletion width

(eq. 1.5).

is =

p

2qi∆f

(1.4)

p
iG−R = 2 qiG∆f

(1.5)

Here ∆f is the electrical bandwidth; q is the electron charge; i is the dark current
and G is the photoconductive gain.
The signal-to-noise ratio can be calculated for PV and PC detector as follows
(assume that the detector is cold enough that thermally generated carriers are negligible)

η
η
φ
φ
Ri φe
S
1.24 e
1.24 e
=
=p
=
2
N PV
in
iShot
2q ηφe Ad ∆f

η
η
φe G
φe G
Ri φe
S
p1.24
= 1.24
=
=
N PC
in
iG−R
2G q 2 ηφe Ad ∆f
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here η is the external quantum efficiency of the detector; φe is the radiant flux
(Watt); Ri is the current resposivity of the detector (Amp/Watt); Ad is the detector
active area, (cm2 ); q is the electron charge and ∆f is the electrical bandwidth.
As a consequence, a signal-to-noise ratio for PV detectors is usually better than
for PC detectors.

1.5

Figures of merit for infrared detectors

Figures of merit presented in this section are the fundamental quantities that enable
a comparison of the relative performance of any type of detector independent of the
generic optical-detection process and to appraise the applicability of a given detector
for a particular purpose (spectral content of source radiation, required operational
temperature etc). From a phenomenological point of view, an optical detector can
be represented as a transducer that converts an optical signal (photon flux Φ) into
an electrical signal (S). It does so by generating an electrical current proportional to
the intensity of the incident optical radiation. The relationship between Φ and S as
well as the quality of conversion of the optical signal to the electrical signal is given
by figures of merit for IR detectors.

1.5.1

External quantum efficiency

External quantum efficiency (QE) η of a photodetector is the number of carriers
measured at the output of detector per number of incident photons per unit time.
It estimates the ability of the detector to convert a photon flux to electrical current.

η=

Iph
qAd Φ

(1.8)
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where Iph is the generated photocurrent, Ad is the effective optical area of the
detector, q is the electron charge and Φ is the photon incidance, the number of photons arriving each second per square centimeter of detector area. Thus by definition
the QE is less than 1.
Using the definition of external quantum efficiency we can determine the responsivity R of the detector. It is defined as the output signal (typically voltage
or current) of the detector produced in response to a given incident radiant power
falling on the detector.

R=

ηq
hν

(1.9)

where hν is the energy of incident photons. Units of responsivity are Amps per Watts
(A/W) or Volts per Watts (V/W).
When the definition of the responsivity is expanded to include the frequency dependence and the wavelength (spectral) dependence, then, the responsivity is known
as the spectral responsivity R(λ, f ). Spectral responsivity is the output signal (current or voltage) response to monochromatic radiation incident on the detector, modulated at a frequency f. Spectral dependence of responsivity is shown in the Figure
1.6
Figure 1.7 illustrates change in current responsivity of ideal photon photodetector
with different quantum efficiencies depending on wavelength of incident radiation.
As can be noted from Figure 1.7, the responsivity of a photon detector with
η = 1 will reach 4 A/W in the MWIR region. Responsivity can approach higher
values at longer wavelengths due to the fact the number of photons emitted from the
source corresponding to the unit wavelength is larger for longer wavelengths.

12

Chapter 1. Introduction

Figure 1.6: Spectral dependence of responsivity

1.5.2

Noise equivalent power

The minimum radiant flux that can be measured by different IR detectors with the
same responsivity is inversely proportional to the level of total intrinsic noise in the
detector. A convenient way to characterize the sensitivity of an IR detector is to
specify its noise equivalent power (NEP), a parameter defined as the radiant power
incident on the detector that produces a signal equal to the root mean square (rms)
detector noise. NEP takes into account both signal and noise parameters of the
detector.

NEP =

inoise
Responsivity

=

φ
isignal /inoise

(1.10)

where φ is radiant flux, Watt.
NEP is a convenient parameter to evaluate and compare the performance of IR
detectors by predicting the minimum power a given system can detect. However, as
shown by eq.( 1.10), NEP yields the signal-to-noise ratio actually achieved in a given
configuration. This information does not allow a direct comparison of the sensitivity
of different detector mechanisms or materials.
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Figure 1.7: Responsivity of ideal photon detector with different quantum efficiencies.

The specific detectivity D*, which is defined as the inverse value of NEP and
taking into account the detector active area Ad , and the signal bandwidth ∆f, is the
suitable parameter for comparison of different detectors since it is independent of
the sensor area and the bandwidth.

∗

D =

√

A∆f
= f (η, inoise )
NEP

(1.11)

It can be interpreted as signal-to-noise ratio (SNR) out of a detector when 1W
of radiant power is incident on a detector, with an area equal to 1 cm2 and noiseequivalent bandwidth of 1 Hz. Units of specific detectivity are Jones (cm Hz1/2 /Watt)
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1.5.3

Noise equivalent temperature difference

Radiation received from any object is the sum of the emitted, reflected and transmitted radiation. Real objects emit only the fraction of blackbody radiation, and
remaining fraction is either transmitted or, for opaque objects, reflected. When the
scene is composed of objects and backgrounds of similar temperatures, reflected radiation tends to reduce the available contrast. Thermal image arises from temperature
variations or differences in emissivity within a scene.
Noise equivalent temperature difference (NETD) expressed in Kelvins, is a parameter characterizing the performance of thermal imaging systems. NETD is defined
as the temperature of a target above (or below) the background temperature that
produces a signal in the detector equal to the rms detector noise. Thus, it specifies
the minimum detectable temperature difference [73]. NETD can be defined for a
single detector element or can be averaged for all detector elements in an array.

1
·
NET D =
Cd (∆λ)
here

R

dL
dλ
∆λ dλ

√

A∆f
=
D∗

1
d
dT

dL
dλ
∆λ dλ

R

·

√

A∆f
D∗

(1.12)

is an exitance contrast.

NETD can be calculated using different methods. First, rms noise can be calculated as standard deviation of temporal variation of signal of a single pixel. NETD
is now a measure of only temporal noise and it is called temporal NETD. Second,
rms noise can be calculated as standard deviation from spatial variations of signals
from a group of pixels. NETD is now a measure of spatial noise component and it
is called spatial NETD.
Other important parameter characterizing performance of imaging system is minimum resolvable temperature difference (MRTD). The MRTD is the observed thermal
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sensitivity of the thermal imager as a function of spatial frequency. Typically, an operator is asked to assess the minimum temperature difference at which a 4 bar target
can be resolved. This minimum difference will change with the spatial frequency of
the bar target used. A curve of MRTD against spatial frequency is obtained which
characterises the performance of the imaging system.

1.6

Theoretical limit of detection

There is a fundamental limit of detectivity equally applicable for the thermal and
photon detectors. The best possible detector performance occurs when the incoming radiation fluctuation determines the noise of the detector. This regime called
background-limited infrared photodetection (BLIP). For the photon detectors BLIP
regime occurs when the background photon flux is much larger than the signal flux
and is the dominant noise source. In the case of thermal detectors, which depend on
temperature change, the incoming optical-radiation fluctuation causes a corresponding equivalent temperature-fluctuation noise that is the lowest noise situation that
one can obtain.
For the PV detector BLIP limited spectral detectivity D* BLIP will be expressed
as
∗
DBLIP

1
·
=
hν

r

η
2φ(λp )

(1.13)

Where φ(λp ) is the photon irradiance from the background integrated over all
wavelengths:

2

φ(λp ) = sin Θ ·

Z

0

λp

1
2πc 1
dλ
·
· hc
4
λ
hν e λkT − 1
16

(1.14)
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here λp is the wavelength of the peak response, sin2 Θ is the numerical aperture
limiting field of view of the detector, as shown in Figure 1.8.

Signal

Θ

Detector

Cold aperture
Figure 1.8: Detector enclosure limiting photon cone onto detector

For PC detectors BLIP limited spectral detectivity D* BLIP will have similar a
form. However due to the additional recombination noise in a photoconductor it will
be decreased by a factor of the square root of two.
For the ideal thermal detector the thermal-fluctuation-noise limited D* will be
expressed as:
∗
DBLIP
=

1
√
4 · kσT 5

(1.15)

Here σ is the Stefan-Boltzmann constant. We assume that the emissivity of
detector is independent of wavelength and equal to unity.
Figure 1.9 presents the theoretical limits for detectivity of ideal PV and PC
detectors as well as an ideal thermal detector, assuming that a 300K background
fills 2π sr field of view (Θ = 90◦ ). As can be noted from the figure 1.9, the BLIP
limited spectral detectivity for ideal thermal detector does not dependent on the
wavelength and for 300K environment it is equal to 1.8 x 1010 Jones which is an
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order of magnitude lower than corresponding values for PV and PC detectors in
MWIR and LWIR regions.
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Figure 1.9: BLIP limited D* versus peak cutoff wavelength for ideal photovoltaic
(PV), photoconductor (PC) and thermal detectors.

Real detectors only approach results shown in the Figure 1.9, since their quantum
efficiency is not 100%.
For any system configuration the best situation would be to be photon-noise
limited. However, in situations where the photon flux reaching the detector is small,
the photon noise of the signal or background is not the limiting detector noise. In this
cases the photon-flux levels are very low and the best signal-to-noise ratio is achieved
when the thermal (Johnson) noise of the detector is the largest noise contribution.
Then spectral detectivity D* BLIP for a PV diode that is Johnson-noise (JOLI) limited
can be expressed as
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∗
DJOLI

ληq
·
=
2hc

r

Rd Ad
| hV ∼ 0i
kTd

(1.16)

Here Td is the detector temperature and Rd Ad is the resistance-area product for
the detector which can be expressed as

Rd Ad = Ad ·

1

(1.17)

dI
dV

For PC detector the expression for JOLI limited spectral detectivity D* JOLI will
have the same form as equation ( 1.16) with an additional parameter called photoconductive gain which is the ratio of generated carrier lifetime to the time required
for carriers to reach contacts (transit time). However, it is not practical to calcuate
D* for PC detectors at zero bias using equation similar to ( 1.16) since at zero bias
quantum efficiency for PC detector is equal to zero.
The specific detectivity D∗ for real PV detector with different quantum efficiencies (η = 100%, 50% and 20%) at ambient temperature (300K) and 2π FOV as a
fuction of resistance-area product at zero bias R0 Ad is shown in Figure 1.10. The
peak wavelength was equal to 4.5µm. On the same plot the theoretical limit of
detectivity D* BLIP for the chosen wavelength is shown. The real PV detector may
achieve BLIP detectivity at given wavelength in case the quantum efficiency of the
detector will approach 100% and resistance-area product posesses values more than
400 Ω· cm2 .

1.7

Performance of Focal Plane Arrays (FPAs)

Hitherto we discussed the performance of single-pixel detectors. Assemblies of singlepixel detectors known as focal plane arrays (FPAs) have numerous advantages over
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Figure 1.10: Specific detectivity for real PV detector with different quantum efficiencies

single element detector. The first most obvious advantage of an array is increased
efficiency. A system with N pixels will observe a region with the same signal to noise
ratio in only 1/N the time taken by a single element. Second, an image produced by
an array has the relative positions of the pixels fixed with great stability and so object
separations in an image can be measured to a high precision. Third, subtraction of
background radiation is performed easier for FPA since with an array camera all the
pixels receive the same total background signal and so the background contribution
can be subtracted with much greater accuracy.
The criteria for estimation of an FPA’s performance based on different technologies (photon or thermal) are specific detectivities defined at cryogenic (77K) and
ambient temperature (300K), noise equivalent temperature difference (NEDT) or
minimal resolvable temperature difference (MRTD). In this section state-of-the-art
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FPAs for thermal and photon technologies will be reviewed with analysis of pros and
cons peculiar to each technology.

1.7.1

Thermal detectors

The biggest advantage of thermal detectors is their uncooled operation. However,
thermal detectors are not useful for high-speed scanning thermal imagers.

Mi-

crobolometer arrays are used in two-dimensional electronically scanning arrays of
uncooled IR sensors.
A bolometer is a temperature sensitive electrical resistor. Its operation is based
on its temperature rise causing a change in electrical resistance, which is measured
by external electrical circuit. When radiation is removed, the temperature of the
bolometer returns to its initial value, which is determined by the ambient surroundings in which it is immersed. If the resistance increases with increasing temperature,
the bolometer is said to have a positive temperature coefficient of resistance; if it
decreases with increasing temperature, it is said to have a negative temperature
coefficient of resistance.
The change in temperature of any thermal detector due to incident radiative flux
is

∆T =

(G2th

εΦ0
2 1/2
+ ω 2 Cth
)

(1.18)

here ε is the detector emissivity; ω is the radiant frequency, s−1 ; Φ0 is the incident
radiative flux; Cth is the thermal capacity of the detector and Gth is the thermal
coupling to the detector surroundings.
It is advantageous to make ∆T as large as possible. To do this, thermal capacity of the detector and its thermal coupling to the heat sink must be as small as
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possible. The interaction of the thermal detector with the incident radiation should
be optimised while reducing all other thermal contacts with its surroundings. This
means that a reduced detector size and fine connecting wires to the heat sink are
desirable.
A characteristic thermal response time for the detector can be defined as

τth =

Cth
= Cth Rth
Gth

(1.19)

where Rth = 1/Gth is the thermal resistance.
Analysing eqns. 1.18 and 1.19 the trade-off between sensitivity, ∆T , and frequency
response is evident. If high sensitivity is required, then a low frequence response is
forced upon the detector.

Figure 1.11: Magnified view of microbolometer array element (Honeywell, manufactured for Infrared Solutions)

Modern microbolometers arrays (Figure 1.11) are prepared by silicon micromachining. The detecting area is defined by a thin membrane, usually made of silicon
nitride, upon which is deposited a thin film of the detecting material, which is usually semiconducting vanadium oxide. The membrane is supported above a silicon
substrate by means of “legs” made of silicon nitride upon which is an electrically
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conductive film. The preparation of this structure employs a sacrificial layer of silicon dioxide the thickness of which determines the height of the membrane above the
substrate. A reflective layer on the substrate below the membrane causes incident
infrared radiation that is not completely absorbed by the detecting material to be
reflected back through the material, thereby increasing the amount absorbed.
Finch et al. [94] have reported a 240 X 320 pixel array with 50-µm square vanadium oxide pixels and thermal time constant of about 40 ms, for which the average
NETD (f/1 optics) was 8.6 mK (operation wavelength = 6.2µm). Since NEDT is
inversely proportional to the pixel area with scaling of pixel size from 50 X 50-µm
to 25 X 25-µm and everything else remained the same, the NEDT is to be improved
by factor of four.
The detectivity limit for the thermal detectors at 300K is 1.8 x 1010 J for both
atmospheric windows (see Figure 1.9). Thus FPAs based on thermal detectors are
not useful for high sensitive thermal imagers. Other disadvantage of the thermal
detectors is the lack of multispectral detection. Room temperature bolometric arrays
are appropriate for high background low sensitivity cameras where cooling can not
be tolerated because of weight, power or reliability concerns. These are especially
useful for detection of radiation longer than 12 microns. Applications include spacebased astronomy, personal night vision devices, driving aids, missile warning sensors,
survelliance cameras and thermal sights. These devices can form the basis for a lowcost, lightweight industrial surveillance camera.

1.7.2

Photon detectors

Figure 1.12 represents various commercially available IR detectors when operated at
the indicated temperature. Several types of photon detectors important for thermal
imaging can be distinguished: HgCdTe (MCT) detectors, InSb and InAsSb detectors,
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GaAs/AlGaAs QWIPs.

Figure 1.12: Spectral detectivity of various detectors [72]

HgCdTe (MCT) detectors
Hg1−x Cdx Te detectors belong to II-VI family in the periodic table. This is pseudobinary alloy semiconductor grown on CdTe substrates that crystallizes in a zinc
blende structure. Band gap energy at 300K varies from 0 (CdTe mole fraction in
Hg1−x Cdx Te is less than 0.1) to 1.5eV (CdTe). The band gap energy tunability results detector applications that span all IR (1-30µm) range. The difference of lattice
parameter between CdTe and Hg0.9 Cd0.1 Te is only 0.27%. The independence of
lattice parameter on composition is a major advantage of MCT over any other bulk
materials. Large optical absorption coefficients (>103 at 3-5 µm and >104 at 8-12
µm) that enable high quantum efficiency (> 80%) and favorable inherent recombination mechanisms that lead to high operation temperature are other advantages of
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MCT detectors.
At 77K value of spectral detectivity for MCT detectors exceeds 1011 Jones in
MWIR region which is an order of magnitude higher than in the LWIR region (1.2
x 1010 Jones)
Commercially available 320x256 single-color MCT FPAs with 30-mµ square pixels
demonstrate NETD of 25 mK at 77K in LWIR and 640 X 512 pixels array with 20-µm
square pixels with NETD of 17 mK at 110K in MWIR. [82] Large format (1280x1024)
single-color MCT FPAs with 15-µm square pixels grown on germanium substrates
demonstrate NETD of 19 mK at 80K in MWIR. [88]
The infrared detector technology, based on MCT alloys, have a currently acceptable operating temperature (80K-200K) but it posses some serious drawbacks such
as: (i) a sensitive dependence of the energy gap on the alloy composition ratio, requiring a precise control over the growth temperature (∆T=1-5◦ C) during the growth
(ii) large non-uniformity over large area in LWIR and (iii) large tunneling currents
due to low electron effective mass.
Because of HgCdTe’s high sensitivity at higher temperatures and its spectral
tailorability, this is most common material in producing military forward looking infrared (FLIR) systems, as well as commercial cameras and space instruments. It can
be made either for high background or low background applications. MCT is useful
for SWIR and MWIR detection at temperatures high enough to use thermoelectric
or radiative cooling.

InSb detectors
InSb is one of the most highly developed and widely used detector material systems
for the MWIR. It was first considered for infrared-detector applications because it
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could be prepared in single-crystal form using conventional techniques.
At 300K the energy gap of 0.17 eV corresponds to a long-wavelength response
cutoff of around 7 µm. If cooled to 77K, the energy gap increases to 0.23 eV,
shifting the cutoff wavelength to 5.5 µm. The optical absorption coefficient at 77K
is sharply turned on at 5.2 µm. Since spectral response shifts to longer wavelength
with increasing temperature, the thermally generated noise increases at elevated
temperatures
InSb detectors posess high quantum efficiency (>60%), however, it is also dependent from temperature. Hall et al. [35] measured the temperature dependence of
QE for a number of photovoltaic InSb detectors and have found that the quantum
efficiency is independent of temperature between 60-80K. At lower temperatures, the
quantum efficiency exhibits a significant decrease, especially at longer wavelengths,
due to decrease in the minority carrier lifetime in the n-region.
At 77K, the value of spectral detectivity for InSb detectors exceeds 1011 Jones in
MWIR region. InSb material is more mature than HgCdTe and good-quality substrates larger than 7-cm diameter with low etch pit density (EPD) are commercially
available. This allow fabrication of “mega-pixels” FPAs with 2024 X 2024 elements.
Commonly, 1024 X 1024 architecture consists of four fully independent 512 X 512
quadrants with eight outputs per quadrant. Element sizes depend on device format
and range from 20 X 20-µm to 200 X 200-µm [18]. NETD is less than 25mK in the
3-5 µm wavelength range.
Unfortunately, the operation temperature of InSb detectors lies in 4-80K region
which limits their application for uncooled imaging systems. Another drawback is
that InSb infrared FPAs have been found to drift in their nonuniformity characteristics over time and from cool down to cool down, thus requiring periodic corrections in
the field. As a result, the complexity of imaging system increases. Thus, InSb FPA

26

Chapter 1. Introduction
detectors are rearly used for metrology applications. The added complexity of an
InSb system is generally warranted in applications where extreme thermal sensitivity
is required, for example, long-range military imaging.
InSb is the material of choice for high sensitivity MWIR applications where producibility is a concern. InSb is well suited for MWIR thermal imaging, seekers, and
narrowband applications such as spectroscopy.

InAsSb detectors
The InAsSb alloy is more stable in comparison with HgCdTe and has a fairly weak
dependence of the band edge on compositon. The stability of this material is conditioned by the stronger chemical bonds available in the III-V atomic family and the
larger covalent bonding contribution compared to ionic bonding in HgCdTe.
The addition of arsenic to the compound material, for example InAs0.8 Sb0.2 ,
increases the bandgap slightly and consequently reduces the maximum detectable
wavelength to 5 µm compared to almost 6 µm for InSb. In this case, thermoelectric
cooling is sufficient, with advantages such as compactness and reduced cost.
One of the main obstacles in the development of InAs1−x Sbx devices is the preparation of high quality epitaxial layers of appropriate composition on commercially
available substrates. The epitaxial growth of alloys with x less than 0.05 directly
on the InAs substrates leads to high concentration of Shockley-Read recombination
centers which limit the device quantum efficiency [80]. InAs0.8 Sb0.2 grown on InSb
substrates has 2% lattice mismatch which leads to introduction of strain and defects
in the epistructure.
The best performance of InAsSb photodiodes has been obtained with latticematched InAs1−x Sbx to GaSb substrate [5, 70]. Detectivity of 4.5 x 109 Jones at 3.4
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µm and 250K has been achieved, which is promising for non cryogenic operation at
MWIR region of spectrum. Ait-Kaci et al [3] reported InAs0.9 Sb0.1 detectors grown
on GaSb substrates with cut-off wavelength of 4.6 µm and responsivity of 0.5 A/W
at 3.5 µm.

GaAs/AlGaAs QWIPs
GaAs/AlGaAs Quantum Well Infrared Photodetectors (QWIPs) are representative
of a new approach, known as band-gap engineering, to create semiconductor materials
with pre-defined optical and electrical properties for optical-radiation detection.
The detection mechanism of QWIP involves photoexcitation of electrons between
ground and first excited state subbands of multi-quantum wells which are artificially
fabricated by placing thin layers of a low bandgap material between two high bandgap
material layers. The bandgap discontinuity of the two materials creates subbands in
the potential wells associated with conduction bands or valence bands. The quantumwell barrier thicknesses are sufficiently large that the individual wavefunctions do
not overlap. The energy bands are thus discrete levels. The optical absorption
along the photon-propagation direction of any individual quantum well is multiplied
by the number of periods that make up whole detector structure. Application of an
external electric field lowers the barrier height enough so that the tunneling processes
allow electrons to escape the well. The schematic diagram of GaAs/AlGaAs QWIP
detector is shown in figure 1.13. The absorption wavelength can be adjusted by
changing thickness of constituent well (GaAs) and barrier Alx Ga1−x As layers.( [34],
p. 466)
With respect to MCT detectors GaAs/AlGaAs QWIPs have a number of advantages, including the use of standard manufacturing techniques based on mature
GaAs growth and processing technologies, highly uniform and well controlled MBE
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Figure 1.13: Schematic diagram of GaAs/AlGaAs QWIP

growth on larger area GaAs wafers (6 in.), high yield and thus low cost, more thermal
stability. However, these devices possess relatively high values of thermally generated dark current caused by electron tunneling between wells, which results in low
signal-to-noise ratio. Also, due to absorption selection rules, QWIPs cannot couple
photons at normal incidence thus requiring grating on the surface. As a consequence,
the quantum efficiency of these detectors is low (∼ 20%)( [34], p. 469)
The current status state-of-the-art QWIP FPA size is 640 × 480 pixels with
pixel size of 28X28- µm. It demonstrated NETD of 36 mK (f/2 optics) at 70K in
LWIR [46]. In MWIR, the 1024 × 1024 pixels FPA was demonstrated (25µm2 pixel
size), with maximal operational temperature of 120K. NETD was equal to 17mK at
95K (f/2.5 optics) [28].

1.7.3

Comparison of competitive technologies

In the late 1960’s and early 1970’s, first generation linear arrays of intrinsic MCT
photoconductive detectors were developed. These allowed long wave IR (LWIR)
forward looking imaging radiometer (FLIR) systems. The 1970’s witnessed a mushrooming of IR applications combined with the start of high volume production of
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first generation intrinsic MCT sensor systems using linear arrays.
Invention of charge coupled devices (CCD) made it possible to have more sophisticated readout schemes. This coupled with advances in silicon chip technology
helped development of second generation detector arrays containing larger number
of detector elements. By late 1980s, MCT detectors as large as 480 x 4 elements
were developed for use in the long-wavelength IR. At the same time, staring arrays
medium-format 320 x 240-element two-dimensional (2-D) arrays were developed for
medium wavelength IR that was made either with MCT or with indium antimonide
The third generation of IR systems are not simply very large arrays with the
same features as second-generation detectors. Third generation IR systems have to
provide the following capabilities [76]:

(1) High thermal contrast and, consequently, high sensitivity of the collected image.
(2) Large formats of detectors (matrices 2K × 2K pixels) with high uniformity
across the detector array and lower pixel size.
(3) Multispectral detection (MWIR/LWIR) and lower cross-talk.
(4) Operation at higher FPA temperatures (close to ambient) to reduce cryogenics
constraints and to improve reliability.
(5) The decrease in global system cost.

Table 1.2 summarize characteristics of different technologies suitable for the third
generation FPA imagers.
As can be inferred from Table 1.2, while microbolometers are able to operate
at non-cryogenic temperatures, their sensitivity is low. Also, microbolometers FPAs
possess the inherent disadvantage of any thermal detector technology, namely, slow
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Table 1.2: Different candidates for the third generation FPAs
Characteristics
Microbolometers HgCdTe InSb QWIP
High detectivity
no
yes
yes
yes
Homogeneity
yes
no
yes
yes
Noncryogenic
yes
no
no
no
operation
temperature
Multi-spectral detection
no
yes
no
yes
time response (in order of ms). Thus, applications, which require high resolution and
high sensitivity for low fluxes, need photon detectors. Although all photon detectors
listed in Table 1.2 are characterized by high sensitivity and speed of response, none
of them provide uncooled operation. It means that there is a need in development
of detector technology, possessing all advantages of photon detectors with uncooled
operation of thermal detectors.
Quantum Dot Infrared Detectors (QDIPs) and Strain Layer Superlattice (SLs)
detectors are the two alternative technologies for realization of high performance IR
imaging systems. Both of them are characterized by normal incidence detection; low
dark currents and higher operation temperature are expected as well as possibility
of multi-spectral detection. QDIPs and SLs in detailes are covered below.

1.7.4

QDIPs

Quantum Dot Infrared Detectors (QDIPs) are an alternative technology for IR detection. Quantum dots used in the detection of infrared radiation are generally formed
by the process called Stranski-Krastanov growth mode: when the thickness of the
film with a larger lattice constant exceeds a certain critical thickness, the compressive
strain within the film is relieved by the formation of coherent island. These islands
are called self-assembled QDs. Because of this self assembling process, dots show
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large inhomogeneity in size distribution.
There are several material systems used in QDIP applications. The most widely
studied one is InAs dots on GaAs substrate (i.e. InAs/GaAs) [45, 67, 64]. Another
important material system consists of Ge dots on Si substrate (Ge/Si) [55, 87]. Other
promising material systems for development of quantum dot detectors are InAs/GaP
( [42, 44]) and GaSb/GaAs ( [53, 86])
In general, QDIPs are similar to QWIPs but with the quantum wells replaced by
quantum dots. However, quantum dots have size confinement in all spatial directions
(Figure 1.14)

Figure 1.14: Density of states for quantum well and quantum dot

This property provides numerous advantages for QDIPs over QWIPs, which are listed
below.
• QDIPs are not sensitive to the direction of incident light
A limitation of QWIPs is that they are not sensitive to the light which is
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normally incident on the wafer. QDIPs do not suffer from this normal-incidence
limitation because of the geometry with the carrier confinement in all three
directions. The normal incidence property is advantageous because it avoids
the need of fabricating a grating coupler that is required in standard QWIP
imaging arrays.
• QDIPs have a broader IR spectral response range
QWIPs typically only have a narrow response range in the infrared [43]. Since
the self -assembled dots have several discrete states, QDIPs have a broader
response range. This is further enlarged due to the size distribution in QDs.
• QDIPs are expected to have a lower dark current
Dark current for the QDIP and QWIP detectors can be estimated by the
eqn( 1.20)
Jdark = qνn3D

(1.20)

where ν is the drift velocity for the electrons in the barrier and n3D is the threedimensional electron density in the barrier.The electron density is proportional
to the thermal activation energy Ea which equals the energy difference between
the top of the barrier and the Fermi level in the well or dot (eqn. 1.21)

n3D ≈ exp(−

Ea
)
kb · T

(1.21)

For the same barrier material the activation energy relates to detection cut-off
wavelength (λc ) by eqn.( 1.22) and eqn.( 1.23) for QWIP and QDIP, respectively.
EaQW IP =

hc
− EF
λc

(1.22)
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EaQDIP =

hc
λc

(1.23)

here EF is the Fermi level in the well. The term Ef in Eq.( 1.22) is due to
the subband nature of QWIP quantum wells: intersubband transition is from
all electrons in a subband at the same energy whereas the thermal activation
energy is from the top of the Fermi sea.
Thus, dark current density for the QWIP is proportional to

1
eEa −EF

and to

1
e Ea

for QDIP. There is a reduction in the dark current in QDIP versus QWIP for
the same cut-off wavelength and barrier material.
• QDIPs have higher responsivity
It has been shown that the relaxation of electrons is substantially slowed when
the inter-level spacing is larger than phonon energy - “phonon bottleneck” . If
the phonon bottleneck can be implemented in a QDIP, the higher responsivity
values are obtained [16, 90]
The state-of-the-art QDIPS FPA based on InAs-GaAs QDIPs operated at temperatures higher than 135 K under normal-incident condition with a 30 degrees field
of view and f/2 optics. Single QDIP device demonstrated specific detectivity D* of
1.5 × 1010 J (T = 135K) [79].
Lee et al. [41] reported peak values of responsivity and detectivity for the selfassembled InAs/GaAs QDIPs doped in InAs QDs and GaAs barriers equal to 650
mA/W and 3.2 x 1010 J (18 K) at λpeak of 5 µm.
Interesting approach to realization of low dark current QWIPs was reported by
Attaluri et al [6, 7]. In an InAs/In0.15 Ga0.85 As quantum dots-in-well (DWELL)
heterostructure, the InAs quantum dots are placed in an In0.15 Ga0.85 As well, which
in turn is placed in a GaAs matrix. Due to the large band offset between the
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ground electronic state of the InAs quantum dot and conduction band edge of the
GaAs barrier, thermionic emission is significantly reduced in the DWELL structure.
The lowering of thermionic emission helps reduce the dark current. BLIP operation
temperature was found to be 90K for these detectors.
The other alternative technology for IR detection, described in the next section,
is the photon detectors based on Strain Layer Superlattices (Sls).

1.8

Photodetectors based on InAs/GaSb superlattice

1.8.1

General properties of InAs/GaSb Strain Layer Superlattice (SL)

Investigation of InAs/GaSb superlattices (SLs) started in 1970s by Sai-Halasz, Tsu
and Esaki [89]. A decade later, Smith and Mailhiot proposed this material system
for infrared (IR) detection [22].
The superlattice was originally envisioned as a one-dimensional periodic structure
consisting of alternating ultrathin semiconductor layers with its period less than
the electron mean path. It is called a superlattice because period of the lattice is
determined not by the lattice constant of materials but by the period of the layers. If
the superlattice period is less than mean free path, the entire electron system enters
a quantum regime [40].
Thin layers of InAs and GaSb have slightly different lattice constants and when
brought together, form a strain layer superlattice with lattice mismatch taken up
by the biaxial strain in the plane of two layers. The heterojunction formed between
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Figure 1.15: Heterojunction formed by InAs and GaSb

InAs and GaSb and principle of photons absorption in SL is shown in the Figures
1.15 and 1.16. This band alignment is referred as a type-II broken bandgap with
electron and hole wavefunctions localized in InAs and GaSb, respectively (Fig. 1.17).
Because the SLs period is larger than the original lattice constants, the Brillouin
zone is divided into a series of minizones having narrow subbands of allowed states
separated by forbidden regions. By changing thickness of constituent layers, the
effective separation between the lowest confined conduction subband and the highest
valence subband can be tuned in the 3-30 µm range as illustrated in Figure 1.18.
Here we assumed the thicknesses of constituent layers in InAs/GaSb SL are equal.
Thus, realization of detector for any wavelength from IR spectrum is easily achieved.
For calculation we used software through the courtesy of G. Dente. Haugan et al
recently reported detailed investigation of the dependence of the SL bandgap and
optical properties on layer thickness. [30]
In the InAs/GaSb system, the optical absorption is related to the overlap of
electron and hole wavefunctions. SLs with thicker layers have a small overlap of
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Figure 1.16: Absorption in InAs/GaSb SL

wavefunctions and hence a smaller absorption coefficient. Moreover, the wavefunctions overlap occurs mainly near the heterointerfaces and, consequently, the optical
absorption is restricted to the vicinity of interfaces [57]. Thus, for a given SLs length,
the intensity of optical absorption is proportional to the number of interfaces rather
than the nominal SLs thickness. For structures with larger SLs layer thicknesses,
much of the volume is optically inactive, leading to an undesirable reduction in the
absorption intensity. In addition, reduced overlap of electron-hole wavefunctions will
cause an undesirable blue shift in absorption cut-off wavelength as was shown by
Dente et al. [25].
SLs are expected to have intrinsically higher quantum efficiency than QWIPs, in
which the optical selection rules for intersubband transitions forbid the absorption
of normally incident light.
The quantum confinement and large splitting of heavy-hole and light-hole valence
subbands is SLs are considered as factors contributing to the supression of Auger
recombination [20, 24]. Moreover, it was found that Auger processes in InAs/GaSb
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Figure 1.17: Wavefunctions overlap in InAs/GaSb SL

SLs are less sensitive to temperature (power-law dependence of Auger coefficient
on the temperature instead of exponential dependence in bulk material [29]) . As
a consequence, carrier lifetime is increased and quantum efficiency is expected to
be higher. Finally, tunneling currents are reduced in the SLs due to larger bandedge effective masses. SLs diode tunneling currents are reduced compare to MCT
detectors. This makes SLs attractive for realization of high performance infrared
sensors operating near ambient temperature.
Some important parameters for InAs and GaSb are presented in the Table 1.3.
All parameters are given at 300K if not stated otherwise [93, 51, 4].

1.8.2

Application of InAs/GaSb SLs for photodetection

In this section we summarize recent work by different research groups devoted to
the application of single photodiodes and focal plane arrays (FPA) based on SLs
detectors for the detection of infrared radiation in MWIR, LWIR and VLWIR
• MWIR
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Figure 1.18: Calculated variation of band-gap energy and cut-off wavelengths for
different layer thicknesses of InAs/GaSb SL

Walther et al. [52] reported infrared photodiodes with a cut-off wavelength of
5.4 µm with quantum efficiency around 30% and detectivity values exceeding
1013 Jones at 77K. The detector structure consisted of Al0.5 Ga0.5 As0.04 Sb0.96
buffer layer, a p-type GaSb contact layer, 190 periods of 9.5ML InAs/ 12ML
GaSb followed by 20nm thick n-type InAs cap layer. A focal plane array
camera with a noise equivalent temperature difference (NETD) below 12mK
for an integration time of 5ms based on these short-period InAs/GaSb SLs was
fabricated.
Wei et al. [98] reported uncooled infrared photodiodes with a cut-off wavelength
of 5µm. The device quantum efficiency reached 25% with current responsivity
around 1A/W. Detectivity was measured around 109 Jones at 300K under zero
bias. The device structure consisted of a 3µm thick p-i-n diode with 2µm thick
nominally undoped intrinsic region, equally thick p and n regions and 100Å
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Table 1.3: Some important parameters for InAs and GaSb at 300K
Parameteter
InAs
GaSb
Lattice constant, Å
6.0583
6.0959
Energy gap, eV
0.356
0.725-0.736
Valence band offset, eV
0.560 (300K) 0.482 (77K)
0
2
Electron mobility, cm /V.-s.
20000
5000
Hole mobility,cm2 /V.-s.
480
880
Dielectric constant
15.15
15.69
me /m0
0.0183
0.042
mhh /m0
0.263
0.222
mlh /m0
0.0247
0.045
mso /m0
0.0556
0.075
InAs n+ contacting layer. Intrinsic region was formed using 8ML InAs/ 11ML
GaSb SLs.
Dual band LWIR/VLWIR type-II superlattice photodiodes were demostrated
recently [1]. It has independent long-wave and very-long-wave infrared responsivity bands, with cutoffs of 11.4µm and 17µm, respectively.
• LWIR
Wei et al. [99] reported InAs/GaSb based SLs photodetector with cut-off wavelength of 7µm at 77K. The low-temperature thermally limited zero bias detectivity was estimated 1 × 1012 Jones. The detector structure consisted of 0.5µm

thick GaSb p-region (1018 cm-3 ), a 2µm thick nominally undoped SLs i-region
formed by 9ML InAs/4ML GaSb, and a 0.5µm thick lattice matched InAs
n-region (1018 cm-3 ).
Bergman et al. [27] reported 11µm cutoff wavelength SLS detectors with singlepass internal quantum efficiency of 36%. The detector structure consisted of
1µm thick GaSb p-region (1x 1018 cm-3 ), a 0.5 µm thick p-type SLS region
formed by 14.3 ML InAs/7.35 ML GaSb (4x1017 cm-3 ), 2µm thick nominally
undoped SLS i-region formed by 14.3ML InAs/7.35 ML GaSb, a 0.5 µm thick
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n-type SLS region formed by 14.3ML InAs/6.9 ML GaSb (6x1017 cm-3 ) and a
0.05µm thick InAs n-type cap (1x1018 cm-3 ).
A new W-structure SLs photodiode with graded band gap for dark-current supression was reported [92] with an 10.5 µm cut-off wavelength and 20% external
quantum efficiency (at 8.6µm) operating at 78K. Absorber consists of 14ML
InAs/9ML GaSb/14ML InAs/7ML AL0.4 Ga0.49 In0.11 Sb. The median dynamicimpedance area product of 216 Ωcm2 is comparable to that for state-of-the-art
HgCdTe-based photodides. Despite the fact that W-structure consists of twice
as many interfaces per SL period and, consequently, electron mobility is reduced along the growth axis, WSL photodiodes can achieve high QE.
• VLWIR
Hood et al. [2] demonstrated InAs/GaSb SLS photodiodes with a cutoff wavelength of 17µm. The zero-bias, peak Johnson noise limited detectivity was
7.63x 109 Jones at 77K and quantum efficiency was 30%. The device structure
consisted of a heavily doped p-type GaSb contact/buffer layer. Next, a 0.5µm
thick p-type SLS region was grown followed by a 2µm thick unintentionally
doped SLS active region, and a 0.5µm thick n-type SLS region. The nominal
SLS period was 14ML InAs/ 5ML GaSb. Finally, the structure was capped
with an n+ InAs contact.
Wei et al demonstrated photovoltaic InAs/GaSb based SLS detectors with a
cutoff wavelength of 18.8 µm and a peak current responsiviy of 4 A/W at 80K.
A peak detectivity was 4.5 x 1010 Jones at 80K at a reverse bias of 110 mV. The
device structure consisted of 0.75µm p-type (1x 1018 cm-3 ) GaSb layer. Then,
a 0.5µm thick p-type InAs/GaSb:Be (1x 1018 cm-3 ) SLS was grow followed by
a 2µm nominally undoped superlattice. Finally, a 0.5µm thick InAs:Si/GaSb
(1x 1018 cm-3 ) n-type SLS region was grown and capped with a 100Å thick
InAs:Si (1x 1018 cm-3 ) top contact layer.
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Wei et al. [96] reported type II InAs/GaSb SLS photovoltaic detectors that
have cutoff wavelengths beyond 25µm. The photodiodes showed Johnson noise
limited peak detectivity of 1.05 x 1010 Jones at 15µm under zero bias and peak
responsivity of 3 A/W under -40mV reverse bias at 34K.

1.9

Conclusion

General concepts concerning infrared detection were presented followed by description of different technologies for infrared imaging. One of the main requirements for
the third generation FPAs is the non-cryogenic operation temperature. Only cameras
based on thermal detectors allow ambient temperature of operation. However, microbolometers FPAs are not useful for high sensitive multispectral thermal imagers.
QWIPs and QDIPs are the novel technologies, which overcome some shortcomings
of thermal imagers and conventional photon detectors (HgCdTe, InSb). Still, they
posess low quantum efficiency (QWIPs) and relatively low operaton temperature.
Detectors based on InAs/GaSb SLs is the other alternative technology for room
temperature IR detection. It has principle advantages like flexibility of the material system allowing multispectral detection; lower tunneling currents due to higher
electron effective masses and mature III-V epitaxial growth technology.

42

Chapter 2
Experimental methods

2.1

Introduction

In this dissertation a work variety of characterization techniques were utilized to
characterize as-grown, processed and passivated materials. The structural properties of as-grown material were determined by X-ray diffraction (XRD) measurements.
The surface morphology of the as-grown, processed and passivated materials was imaged and evaluated by atomic force microscopy (AFM). Photoluminescence (PL) and
absorption was used for the determination of bandgap of as-grown material and for
optical measurements that are fundamentally related to the electronic properties of
passivated surfaces. The electrical behavior of processed detectors was investigated
by current-voltage (I-V) measurements. The same measurements were used to evaluate effectiveness of passivating layers. Detector performance also was characterized
by spectral response and responsivity measurements. Picosecond excitation correlation (PEC) measurements were undertaken to investigate the carrier lifetimes in
as-grown and surface passivated SLs heterostructures. Characterization techniques
used in this work and their applications are schematically shown in Figure 2.1.
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Figure 2.1: Experimental methods and the information obtained from them

2.2

Atomic Force Microscopy

Atomic force microscopy (AFM) is a surface imaging technique, providing the topographic information of the surface with nanometer resolution. An AFM unit is
mainly composed of a laser diode, a flexible cantilever, a piezoelectric motor, and a
position-sensitive photodetector, as shown in Figure 2.2. AFM is designed on the
basis of the atomic force between the tip and sample surface. A sharp tip is mounted
on a flexible cantilever, a few angstroms away from the sample surface. The repulsive
Van der Waals force between the tip and the surface causes the cantilever to deflect.
The motion of the cantilever is magnified by a laser beam reflection and recorded
as the vertical displacement of the tip. In this way, the surface topography can be
imaged by scanning the tip over the sample surface. AFM is typically operated in
one of the two basic modes: contact mode or tapping mode. Contact mode is a fast
and convenient way of imaging a relatively hard surface, but the drawback for this
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mode is that there are large lateral forces on the sample as the tip is ”dragged” over
the surface. In tapping mode, on the other hand, the cantilever is oscillated at or
near its resonant frequency (often hundreds of kilohertz), and the tip gently taps the
surface with a significantly reduced contact time. Tapping mode is thus extremely
useful for topographical imaging of soft samples. Figure 3.19 shows surface structure
measured by AFM.

Figure 2.2: The essential AFM components

2.3

X-ray diffraction

Double crystal X-ray diffraction (XRD) is a non-destructive technique for the structural characterization of thin crystalline films. X-rays interact with electrons in
matter and are scattered in various directions by the atomic electrons. If distances
comparable to the wavelength of the X-rays separate the scattering centres then interference between the X-rays scattered from particular electron centres can occur.
For an ordered array of scattering centres this can give rise to interference maxima
and minima.
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In order to observe x-ray diffraction from a crystalline lattice, the Bragg condition
must be satisfied ( 2.1). The Bragg condition depends on the angle of the incident
x-ray beam as it enters the crystal lattice and the direction at which the diffracted
beam exits the lattice (Figure 2.3). It is met only when the scattered waves from
all the atoms in the lattice are in phase, and interfere constructively.

2dhkl · sinΘ = nλ

(2.1)

here dhkl is the distance between the atom planes (h,k,l are the Miller indices),
Θ is the incident angle, n is the order of diffraction and λ is X-ray wavelength.
Diffracted beam

Incident beam

2Θ

Incident angle Θ

Diffraction angle
dhkl

Crystallographic planes

Figure 2.3: Schematic diffraction of X-rays in the crystal

X-ray scans in this work were performed with a Philips double-crystal X-ray
diffractometer using the Cu − Kα1 line.
The typical XRD spectrum from InAs/GaSb SL is presented in Figure 2.4 Parameters, which can be extracted from this spectrum, are:

• Lattice constant of substrate and average lattice constant of SL
Using equation( 2.1) the lattice constant of substrate can be calculated for the
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Figure 2.4: Typical XRD spectrum from InAs/GaSb SL

symmetrical (004) X-ray scan:
a=

2nλ
sinθ

(2.2)

here n is equal to one, λ is known and equal to 1.5406Å, angle θ can be
determined directly from the XRD spectrum. The average lattice constant
of superlattice can be estimated using the same equation ( 2.2) with angle θ
corresponding to the zero-order peak od superlattice.
• Strain relation between substrate and epilayer
Lattice mismatch between substrate and epilayer can be estimated as
ae − as
sinΘe − sinΘs
∆a
=
=
as
as
sinΘs

(2.3)

here as (sinΘs ) and ae (sinΘe ) correspond to the lattice constants of substrate
and zero-order peak of SL, respectively.
• Thickness of SL period
Period of superlattice can be estimated by two methods.
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(1) From Bragg’s law
As illustrated in the Figure 2.5, period of SL (showed in the Figure 2.4),
will be determined as a slope of the line presenting functional dependence
of diffraction order n (superlattice’s sitellite peaks order) versus sinΘn
with Θn corrsponding to the each diffraction order.

2
10M

L InAs/10ML GaSb

Order n of satellite peak in S

L

100 periods

1

Period = 5.949 +/- 0.004 nm

0

-1

Calculated value of period
= 5.956 nm
-2

0.62

0.63

0.64

0.65

0.66

0.67

0.68

0.69

0.70

Θ /λ

2sin

n

Figure 2.5: Determination of SL period

(2) By method proposed by Biefeld et al [15]
In according to this method the period of SL P can be calculated as
P = 4Nd0

(2.4)

where N is number of cubic unit cells determined from equation
N=

nd
4(d0 − dn )

(2.5)

here n is the diffraction order, d0 (dn ) is the distance between atomic planes
for different diffraction orders. For the SL presented in the Figure 2.4
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average value of period was found to be 5.956Å which is in good agreement
with the value extracted from the Bragg’s law.
The above-listed methods for the determination of SL period thickness can
be formalized and impemented as a computer program . Rocking curves presented in this work were analyzed with an automated algorithm based on the
dynamical theory of diffraction (Bede RADs software).
• Full Width at Half Maximum (FWHM)
This is good qualitative measure of structure’s crystalline quality. Narrow and
symmetrical SL peaks with FWHM in order of 18-25 arcsec indicate perfectly
ordered structure with compositionally abrupt interfaces. On the contrary,
broad and asymmetrical satellite peaks (FWHM of 55-65 arcsec) indicate variation of period thickness and growth defects accumulating at the interfaces of
SL. Typically, FWHM for the first satellite peak of SL is calculated.

2.4

Photoluminescence

Photoluminescence is a contactless, nondestructive, commonly used method in the
semiconductor physics of probing the electronic structure of direct bandgap materials.
Photoluminescence is a process involving photon excitation and subsequent radiative recombination. Above bandgap energy incident photons impinge on the sample
causing the excitation of electrons from their ground level in the valence band to the
upper levels of the conduction band, creating an initial distribution of photon-excited
carriers. These photo-generated carriers quickly (0.2-100 ps) lose their energy by the
emission of phonons, and reach lower energy states at the energy band extreme. The
electrons, at the conduction band minimum, have a finite probability to recombine
with holes at the valence band maximum. The recombination of electrons and holes
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may result in a radiative process. The emitted light called photoluminescence (PL).
The electrons and holes can also recombine non-radiatively. Figure 2.6 shows the
schematic diagram of photoluminescense process.

Figure 2.6: PL diagram

The PL spectrum provides the information of the transition energies, which can
be used to determine the separation of electronic energy levels. The most common
radiative transition in semiconductors is between states in the conduction and valence
bands, with the energy difference being equal to the band gap. Non-radiative process
is associated with localized defect levels, which are detrimental to material quality
and subsequent device performance. PL intensity gives a measure of the relative
rates of radiative and non-radiative recombinations, therefore it is indicative to the
material quality. PL intensity is the measure of photoexited carriers lifetime and,
consequently, crystalline quality of the structure and full width of half maximum of
PL peak is the indicator of uniformity of layer thickness.
The PL intensity caused by emission from the bulk of the sample can be strongly
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modulated by the electronic properties near the surface. A totally nonemissive region
associated with the electric field near the surface is called dead layer and was initially
proposed by Wittry and Kyser in 1967 [95]. Physically, the electrons and holes
created within this region by optical excitation are separated and swept away more
rapidly than the recombination decay. Since the density of the carriers in this region
is small, the probability for luminescence is small and PL is only created in the bulk
region. The dead layer model assumes that all the minority carries created outside
of the dead layer recombine radiatively and the derived PL intensity is exponentially
dependent on the thickness the dead layer (eqn.( 2.6))

IP L ∼ exp(−αD)

(2.6)

Where α the absorption coefficient and D is the dead layer thickness, which is
directly related to the surface charge density.
The experimental set up for the PL measurements is schematically shown in the
Figure 2.7. Excitation light at 980 nm with exitation fluence of 0.5W over a 290
µm spot was provided directly from diode laser and chopped at 400Hz. The light
impinged on the sample through a focusing lens. The CaF2 lens placed in front of the
input port of a Nicolet-870 Nexus Fourier transform infrared (FTIR) spectrometer
collected the scattered photoluminescence from the sample. The beam was detected
by a internal MCT detector. The signal was then amplified by SR830 DSP lock-in
amplifier and recorded by a computer.

2.5

Spectral response measurements

The experimental set up for the spectral response measurements is schematically
shown in the Figure 2.9. A glow bar source within the Fourier Transform infrared
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Figure 2.7: Set up for undertaking PL measurements using a 980 nm pump laser and
FTIR spectrometer

(FTIR) spectrometer served as an infrared source. Infrared radiation was collected by
a parabolic mirror and directed on the sample. Sample was mounted on a cold finger
of a helium closed-cycle cryostat and partially was covered with a cold radiation
shield (the geometry is shown in the Figure 2.8). Temperature of cryostat was
controlled by Lakeshore temperature controller in 10-300K range. Measured signal
was amplified by a Keithley 428 preamplifier and was supplied to FTIR for further
processing.

Figure 2.8: Geometry for the sample mounted inside the cryostat
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Figure 2.9: Schematic for the spectral response setup. A glow bar source of FTIR
spectrometer servs as an infrared source. IR radiation is collectded by a parabolic
mirror and directed on the sample. Then measured signal is amplified and supplied
to FTIR for further processing

Since sensitivity of SLs detectors is dependent on the incident wavelength, as
common for photon detectors, we normilized SL detector spectral response by dividing the photocurrent of the SLs detector with that obtained using a MCT detector.
Whereas quantum effciency of MCT detector is a function of wavelength, we assume
it is a flat (constant) in the range we are interested in.
Signals at the output of MCT and SLs detectors can be presented as:

SignalM CT (E) = A1 · ηM CT (E) · φ(E)

(2.7)

SignalSL (E) = A2 · ηSL (E) · φ(E)

(2.8)

were A1 and A2 are the coefficients dependent on the system geometry; φ(E)
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is the flux of photons with an energy E; ηM CT (E) and ηSL (E) are the conversion
efficiencies for the MCT and SLs detectors, respectively.
Ratio of eqs.( 2.8) and ( 2.7) will be written as

A2 ηSL (E)
ηSL (E)
SignalSL (E)
·
=
=K·
SignalM CT (E)
A1 ηM CT (E)
ηM CT (E)

(2.9)

Thus, result of division of two spectra is directly proportional to the quantum
efficiency of SL detector. To obtain responsivity of the SL detector this spectrum
has to be multiplied by

2.6

λ
.
1.24

Responsivity measurements

To determine the absolute spectral response values the relative spectral response
curve (described in section 2.5) needs to be multiplied by the responsivity at the
wavelength of peak response. Peak responsivity is obtained by combining the blackbody responsivity and the relative spectral data.
The experimental set up for the peak responsivity measurements is schematically
shown in Figure 2.10.
In this system, infrared radiation from a black body source with controllable
temperature is directed through a chopper onto the SL detector mounted inside the
dewar. Temperature of dewar was controlled by a Lakeshore temperature controller.
The detector converts the incident radiation into an electrical signal, which is then
amplified by a Keithley 428 preamplifier and measured using a computer controlled
network analyzer. Chopper fequency was controlled through LabView program.
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Figure 2.10: Responsivity measurements set up. IR radiation from a black body
source is directed through a chopper onto the SL detector. The detector converts
the incident radiation into an electrical signal, which is then amplified and measured
using a computer controlled network analyzer.

First, blackbody-to-peak conversion factor was calculated using equation
Rx
M(λ, T )dλ
MBB
(2.10)
=
C = Rx 0
Mef f ective
R(λ)M(λ, T )dλ
0

Where M(λ, T ) is the spectral excitance for black body (BB) at given BB temperature,

W
;
cm2 µm

R(λ) is the relative responsivity Mef f ective and MBB is the effective

excitance and excitance from the blackbody.
Since temperature of BB is known, spectral excitance from BB can be calculated
using Planck’s equation( [34], p. 102)
c1

M(λ, T ) =
λ5 (e

hc
k
λT

(2.11)
− 1)

Then the peak responsivity for the SL detector is calculated as
Rpeak = RBB × C

(2.12)

here RBB is the responsivity measured using the total blackbody incidance.
To obtain the absolute spectral reponse values, the result of eq.( 2.12) was multiplied by the relative spectral response curve obtained in section 2.5.
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2.7

Auger electron spectroscopy

Auger electron spectroscopy (AES) is a surface specific technique utilising the emission of low energy electrons in the Auger process and is one of the most commonly
employed surface analytical techniques for determining the composition of the surface layers of a sample. The Auger process is initiated by creation of a core hole - this
is typically carried out by exposing the sample to a beam of high energy electrons
(typically having a primary energy in the range 2 - 10 keV). The ionized atom that
remains after the removal of the core hole electron is in a highly excited state and
will rapidly relax back to a lower energy state by emission of Auger electrons. This
process is schematically presented in the Figure 2.11.

Figure 2.11: (a) Creation of a hole in the K-shell by impact electron ionization (b)
emission of Auger electron

Process starts from the creation of a hole in the K-shell by electron-impact ionization (Fig 2.11(a)). Then one electron falls from a higher L1 level to fill a core hole in
the K-shell and the energy liberated in this process is simultaneously transferred to
a second electron from the L1 shell; a fraction of this energy is required to overcome
the binding energy of this second electron. The remainder is retained by emitted
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Auger electron as kinetic energy (Fig 2.11(b)). In the Auger process illustrated, the
final state is a doubly-ionized atom with core holes in the L1 and L2,3 shells. AES
has several limitations, which are the following:
• AES analysis is surface specific. Auger electrons fail to emerge with their
characteristics energies if they start from deeper than about 1 to 5 nm into the
surface.
• AES cannot detect hydrogen or helium
• AES does not suitable for the unrestrictive depth profiles

2.8

Picosecond excitation correlation (PEC) measurements

Picosecond excitation correlation (PEC) measurement was undertaken to investigate
the carrier lifetimes in as-grown and surface passivated SLS heterostructures. In
conventional photoluminescence (PL) measurements, the intensity is proportional to
the product of electron density and hole density. As a result, doubling the energy of
the excitation pulse doubles both the excess electrons and holes, thereby quadrupling
the PL signal. In a PEC experiment, the PL signal is generated by two laser pulse
trains separated by a delay of σ and is denoted as PL2 (σ), while PL1 is the PL
signal originating from only one laser beam. When σ is zero, the pulse of the two
trains coincide exactly, and the two pulse trains are equivalent to a single train
with doubled power. Thus, PL2 (0) = 4PL1 . When the delay is much longer than
the excess carrier lifetimes, carriers generated by the first pulse die out before the
second pulse excites carriers; thus, there is no interaction between carriers generated
by the two different pulse trains, and PL2 (σ) = 2PL1 . Therefore, the luminescence
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signal PL2 (σ) decreases from 4PL1 at zero delay to 2PL1 at very large delay. The
signal (PL2 (σ) − 2PL1) (defined as PEC signal) can be measured directly by a lock-in
amplifier at the sum or difference of the two laser beam chopping frequencies.
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Computer
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L2

ω2

L3

Choppers
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L4
Filter
Pulse train from Ti:Sapphire laser
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Spectrometer
Lock-in
amplifier

P.A..
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Figure 2.12: Schematic of the PEC setup. BS is a beam splitter; M represents
mirrors; L1 and L2 are focusing lenses; L3 and L4 are PL collecting lenses; P.A. is a
preamplifier.

By measuring the PEC signal as a function of the delay between the pulses,
information about the dynamics of the photogenerated carriers such as carrier lifetimes may be obtained. The experimental setup for our PEC measurement is shown
in Figure 2.12. Each laser beam’s power was 8.5 mW, which was focused onto a
1.5-mm-diameter spot on the sample
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2.9

Conclusion

In this chapter, detailed description of characterization techniques used in this work
and their applications for structural, optical and electrical characterization of asgrown materials and processed devices were presented. Physical foundations underlying x-ray diffraction, photoluminescense, atomic force microscopy and Auger
electron spectroscopy were discussed. Schematic of experimental set up used for
spectral response, PL, PEC and responsivity measurements were presented.
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Growth and optimization of SLs
by MBE
Objective of this chapter is to discuss the growth of InAs/GaSb superlattices on
GaSb substrates by molecular beam epitaxy (MBE) technique. Various aspects of
the technique, critical for the obtaining of good crystalline quality epitaxial films
will be discussed. Different types of interfaces, possible during SL growth and their
influence on the structural quality of the material will be investigated. Finally, optimal conditions for SL growth will be described and structures, resembling absorption
regions in SL detectors, will be presented and characterized.

3.1

Molecular beam epitaxy

Molecular beam epitaxy (MBE) is a modern technique for growing III-V compound
semiconductors as well as several other materials. In MBE, thin epitaxial films
crystallize via reactions between thermal-energy atomic beams of the constituent
elements and a substrate surface which is maintained at an elevated temperature in
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ultrahigh vacuum. Since growth rates are typically less than an atomic monolayer per
second and the beams can be shuttered in a fraction of a second, nearly atomically
abrupt transitions from one material to another as well as good control of thickness,
doping and composition can be realized.
Structures presented in this work were grown in solid source VG-80 MBE reactor.
It consists of two identical growth chambers, preparation chamber and a load lock.

• Load lock
This chamber is used to bring samples in and out of the vacuum environment
while maintaining the vacuum integrity of the other chambers. It is equipped
with a turbomolecular pump in a stage with the backing (mechanical) pump
which allows to achieve pressure ∼ 10−8 Torr.
• Preparation chamber
This chamber is used for preparation (initial outgassing) and storage of samples
it also acts as a transition stage to allow samples to be transferred under
vacuum to the growth chambers. It is equipped with ion pump which allows
to achieve pressure ∼ 10−10 Torr.
• Growth chambers
Short description and functionality of each chamber is presented below. Figure 3.1 shows a diagram of MBE system growth chamber
Both growth chambers are nearly identical except left hand side growth chamber is set up to grow phosphorus containing III-V compound semiconductors
and the other is for antimony-based compounds. The Sb-based (right hand
side) growth chamber is the one that is used primarily for the work reported
here.
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Figure 3.1: Diagram of MBE system growth chamber

It is supplied with an ion pump, cryopump and sublimation titanium pump.
A liquid nitrogen cooled cryoshroud also acts as an effective pump for many
of the residual gases in the chamber. This pumping arrangement can keep the
partial pressure of undesired gases to less than ∼ 10−11 Torr.
Growth chamber is equipped with the following: effusion cells (sources of
atomic or molecular beams), tools for in situ monitoring of growth process
(Reflection High Energy Electron Diffraction (RHEED) gun, pyrometer for
measuring substrate temperature and ion gauge for monitoring flux pressure
during the growth process). Also it contains residual gas analyzer to monitor
pressure of residual gases such as H2 O, CO2 , N2 and CO.

All cells contained in right hand side growth chamber can be divided into two parts:

• Conventional effusion cells
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In conventional effusion cells the source material is held in condensed phase
in an inert (pyrolitic boron nitride) crucible which is heated by radiation from
a resistance-heated source. A thermocouple is used to provide temperature
control. Aluminum, gallium, indium sources as well as dopant sources (gallium
telluride, beryllium and silicon) are related to this type of cells. In addition,
Ga and In-cells were presented in “dual-filament” configuration which allows
the user to heat the tip and base of the cell separately for improving uniformity
of the epitaxial film.
• Dissociation (Cracker) effusion cells
Cracker cells are used in solid source MBE for producing dimeric molecules
(As2 and Sb2 ) from elemental sources (As4 and Sb4 ). Chamber is equipped
with an Sb cracker source and an As valved cracker source. Thus As2 flux was
controlled without changing the temperature of the cell that enabled low flux
transients.

3.2
3.2.1

In situ characterization techniques
Measuring of growth rates and epilayer thicknesses

The most important in-situ analysis tool for the surface structure of the substrate
wafer and the grown epilalayer is the reflection high energy electron diffraction
(RHEED). It also allows observation of the dynamics of the MBE growth. A high
energy beam of electrons (3-10keV) is directed at the sample surface at a grazing
angle (1◦ − 3◦ ). The de Broglie wavelength of these electrons is therefore in the
range l of 0.06 − 0.17Å and the penetration of the beam into the surface is low,
being restricted to the outermost few atomic layers. The electrons are diffracted by
the crystal structure of the sample and then impinge on a phosphor screen mounted
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opposite to the electron gun. The resulting patterns represent the reciprocal lattice
of the crystal. The reciprocal lattice is two dimensional if the epilayer is single crystall and the surface is perfectly flat. This characteristic makes the reciprocal lattice
appear as lines instead of dots in three-dimensional case.
The intensity and shape of resulting RHEED patterns depends on the roughness
and atomic arrangement of the surface also known as reconstruction. If the surface is
not flat, many electrons will be transmitted through surface roughness and scattered
in different directions, resulting in a RHEED pattern constituted by many spotty
features. Furthermore, the diffraction from an amorphous surface (such as an oxide
on top of a semiconductor) gives no diffraction pattern at all. This is important for
evaluating oxide desorption when a substrate is initially heated up prior to growth
In case of atomically flat surface, the intensity of RHEED patterns depends on the
coverage of surface by atoms. If the initial surface is perfectly flat, reflectivity of the
specular spot will be relatively high (intensity of RHEED is maximal). As layer-bylayer growth starts, the incident electron beam gets partially scattered by the island
steps of the forming monolayer, thus reducing the reflected intensity. Scattering
becomes maximum at half ML coverage (RHEED intensity is minimal). As the new
monolayer completes, the surface flattens again by coalescence of the islands, and
the reflected intensity recovers its value. The oscillations damp as growth proceeds,
and eventually disappear. This is because at higher coverages the growth front
becomes statistically distributed over more and more layers (a new ML starts before
the preceding one completes), yielding eventually a constant surface roughness. The
persistence of RHEED oscillations can therefore be considered as a measure of the
layer-by-layer epitaxial growth and can be used to obtain the growth rate. This
process is illustrated in the Figure 3.2
During the III-V compounds growth, the substrate temperature usually has to
be low enough for group-III species to be able to stay on the surface whereas it
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Figure 3.2: RHEED intensity oscillations during growth of a monolayer

has to be high enough for group-V species to desorb from the surface. This growth
mode is called ”group-III limited growth“ and the growth rate of the compound will
be determined by incorporation rate of group-III element. Measuring the period
of RHEED intensity oscillations can provide information about incorporation rates
of group III elements with high accuracy as well as incorporation rate of group V
elements [58]. Figure 3.3 illustrates measuring of Ga incorporation rate on the GaSb
substrate. Temperature of Ga-source was equal to 835◦ and measured growth rate
was 0.35 ML/sec.
Figure 3.4 shows the incorporation rate calibrations for the group-III sources
based on RHEED oscillations. All measurements were performed in conditions of
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Figure 3.3: Measurement of Ga growth rate by RHEED oscillatons

excess of group-V elements on (001) GaSb substrates. The incorporation rates for
Ga, In and Al are determined by growth rates of corresponding binaries, namely,
GaSb, AlSb and InAs.
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Figure 3.4: Group-III source calibration based on RHEED oscillations

It should be noted that ML steps are always present on the surface, due to
unavoidable misorientations of the substrate from a low-index plane. Thus, a portion
of adatoms can migrate and get incorporated at step edges. This process does not
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change the surface roughness, and therefore part of the growth rate is not sensed by
the RHEED oscillations.
For the group-III elements the incorporation rate as a function of source temperature can be approximated by the empirical Arrhenius law:
Ea

VIII = Ae kT

(3.1)

where Ea is the activation energy for the material, k is the Boltzmann constant, T
is the temperature in Kelvins and A is a fitting constant called frequency factor.
Growth mode with excess of element-III species is called ”group-V limited”. It
is not the preferential growth mode since surface will became metal-rich. Under this
condition the incorporation rate of group-V species can be measured. Example of
measured incorporation rate of As as a function of flux is shown in the Figure 3.5. Linear dependence between incorporation rate and measured fluxes is observed. Fluxes
were measured by ion gauge pressure readings. However, due to differences in ion
gauge geometry, electrode voltages, filament and electrode coatings, such readings
are often not reproducible for different MBE reactors.
For the purpose of fine growth rates tuning of group III sources a method proposed
by Kaspi et al [37]. was utilized. Two calibration samples with structures formed
by different binary III-V compounds (InAs and GaSb, AlSb and GaSb etc.) with
different periods were grown under the same conditions. Then from the spacing
between the satellite fringes, the exact growth rates can be determined by solving a
system of equations( 3.2, 3.3):

rA · tA1 + rB · tB1 = T1

(3.2)

rA · tA2 + rB · tB2 = T2

(3.3)
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Figure 3.5: Measured incorporation rate of As on GaSb substrate measured by InAs
RHEED oscillation as a function of flux

where rA and rB are the growth rates of binary compounds determined by deposition rates of group III elements, tA1 (tA2 ) and tB1 (tB2 ) are the times of binary
compounds deposition and T1 and T2 are the SL periods determined from the (004)
X-ray scan.
This method is illustrated in Figure 3.6 for In and Ga sources. Two sets of
calibration samples with 8ML InAs/8ML GaSb and 8ML InAs/24ML GaSb were
grown on GaSb substrates. Symmetric (004) X-ray scans were performed on the
samples with a Philips double-crystal X-ray diffractometer and growth rates were
determined as RGa = 0.48ML/s and RIn = 0.44ML/s.
Since commercially available GaSb-substrates are residual p-type, dopant calibration was performed for Be, GaTe and Si sources by growing of thick layers (4µm)
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Figure 3.6: Estimation of growth rates by SL method

of InAs or GaSb on the semi-insulating GaAs substrates. Then dopant concentration and carrier mobility was measured by conventional Hall technique. An example
of Si-dopant calibraton for InAs is shown in the Figure 3.7. Utilization of GaAs
substrate for dopant calibration samples introduced strain and dislocations into the
epi-layers which lead to the underestimation of carrier mobilities.

3.2.2

Measuring of substrate temperature during the growth

To control the temperature of the substrate during the growth, we used an automatic optical pyrometer with wavelength of detection 1.5 − 1.6µm and temperature

range 250 − 1400◦ C. This device operates by comparing the amount of radiation

emitted by the target with that emitted by an internally controlled reference source.
The instrument output is proportional to the difference in radiation between the
target and the reference. Pyrometer was placed in front of transparent a window
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outside the growth chamber. Emissivity calibration was performed using a piece of
nominally undoped GaSb substrate. Other convenient method for the determination of substrate temperature is the temperature of (1×3) to (2 × 5) reconstruction
transition observed on the the GaSb surface. As was shown by Bracker et al [17],
the transition temperature for GaSb substrates is determined by flux of dimers or
tetramers of group V and substrate temperature. Transition temperature of (1×3)
to (2 × 5) reconstruction obtained by this research group for Sb2 as a function of
substrate temperature is shown in Figure 3.8. Our observations are consistent with
that shown in the Figure 3.8, for the Sb2 flux equal to 1.0 × 10−6 we found the
substrate temperature is equal to 415◦ .

RHEED patterns for (1×3) and (2 × 5) transition observed on GaSb surface are
shown in Figure 3.9 and Figure 3.10, respectively.
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3.3

Preparation of the substrates

Samples used in this work were grown on nominally undoped (residually p-doped
with carrier concentration (1 − 2) × 1017 cm−3 ) and tellurium (Te) doped ((1 − 9) ×
1017 cm−3 ) epi-ready substrates. The etch pit density for both type of substrates was

less than 1000 per cm2 in according to certification of conformance obtained from
the manufacturing company.
Substrates were mounted on ”In-free” molybdenum holders and loaded through
the loadlock to the baking stage located in the preparation chamber for the outgassing. This initial outgassing of the substrate and holder desorbs the water vapor
and other volatile contaminants prior to the transfer into the growth chamber. Temperature of substrate was increased to 400◦ in 10 min while pressure in the chamber
was monitored. When pressure decreased to ∼ 1 × 10−8T orr the substrate was
considered to be clean enough for moving inside the growth chamber.
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Figure 3.9: (1×3) reconstruction RHEED patterns observed on GaSb surface

Figure 3.10: (2 × 5) reconstruction RHEED patterns observed on GaSb surface
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Figure 3.11: Initial stage of oxide removal from GaSb substrate

Figure 3.12: Final stage of oxide removal from GaSb substrate
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Inside the growth chamber,the temperature of substrate was increased gradually
(15◦ C/min) to the 400◦ C. At the higher temperature the desorption of antimony
from GaSb surface leads to the Ga-rich interface with increased roughness. However,
the layer of protective oxides will not desorb from the surface at temperatures lower
than ∼ 550◦. For this reason and to avoid desorption of Sb from the surface, the
substrate was subjected to an Sb2 flux during the subsequent increasing of temperature. Figures 3.11,3.12 illustrate the RHEED patterns at the initial and final stage of
oxide removal, respectively. The spotty patterns shown in Figure 3.11 are attributed
to transmission diffraction through surface irregularities. The conversion to streaky
pattern, shown in Figure 3.12, is a consequence of smoothing of the surface, which
appears to the grazing electron beam as a two-dimensional lattice. The observation
of the streaking patterns implies that the surface roughness has an rms value of less
than 10Å. However, surface is not the smooth enough for the growth of the device
structure. Usually a thin (less than 0.5µm) GaSb buffer layer is grown prior to the
deposition of bottom layer of desired device structure.

3.4

Types of interfaces expected during growth of
InAs/GaSb SLs

Intermixing at abrupt interfaces between different chemical constituents is thermodinamically favored because of the resulting increase in entropy. During growth of
InAs/GaSb SL the compositionally abrupt interface between GaSb and InAs can be
approximated either by a Ga/Sb/In/As sequence (“InSb-like”) or by Sb/Ga/As/In
sequence (“GaAs-like”) along the [001] growth direction depending on the termination of the underlying layer (Figure 3.13)
Since during deposition of InAs-on-GaSb the Gibbs free energy is equal to -
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15.8 kcal/mol whereas during GaSb-on-InAs growth it is equal to +13.9 kcal/mol,
the formation of GaAs-like interface (i.e. As-for-Sb exchange) is thermodinamically
more favored than formation of InSb-like interface (i.e. Sb-for-As exchange) [77].

Figure 3.13: Possible types of interfaces during InAs/GaSb SL growth

This conclusion was proved experimentally. Desorption mass spectrometry technique was used to monitor desorption rate of Sb from thin GaSb layers (5 ML)
exposed to a fixed incident As2 flux. Rapid increase in Sb-desorption rate due to Asfor-Sb exchange was observed at initial exposure to As2 which was followed by a less
rapid decay. The thickness of formed GaAs-like layer was increased with duration of
As2 exposure and total thickness of GaAs-like layer was found to be more than 4.5
ML for 12 sec of As2 exposure [38],[36]. Then, InAs was deposited on top of GaSb
layer. Using the same technique, the rapid rise in Sb desorption rate was observed
similar to that observed during As2 exposure. Sb-to-As exchange in GaSb-on-InAs
heterojunction as a result of InAs surfaces being subjected to 12 sec of Sb-soak was
shown by cross-sectional scanning tunneling microscopy (STM) [84]. The thickness
of the formed InSb-interfacial layer was found to be less than 2 ML.
Cross-contamination by group V elements during the SL growth as well as pol-
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lution from residual gases in growth chamber (background contamination) leading
to formation of additional interfaces is unavoidable [33], [84]. Ease in formation of
“GaAs-like” interface on GaSb layer under As flux during the SLs growth will lead to
formation of defects and creation of excessive strain in the structure. It is assosiated
with degradation of crystalline and optical quality of InAs/GaSb SLs. However, intentional controlled exposure of constituent SL layers to As-or Sb-flux may improve
the abruptness of interfaces [38],[56]. The parameters of interfacial layers are determined by growth conditions: substrate temperature, shutter sequence, fluxes and
incorporaton rates of group V elements.

3.5
3.5.1

InAs/GaSb SL material optimization
Choice of shutter sequence

During the InAs/GaSb SL growth choice of shutter sequence is important since it
determines which type of interface (”GaAs-like” or ”InSb-like”, or both) will be
formed between compositionally abrupt GaSb and InAs layers. In this work we
investigated three different shutter sequences (SSs) shown in the Figure 3.14.
The first SS (Figure 3.14(a)) is similar to one reported by Rodriguez et al [71].
Thin InSb layer is intentionally grown in each period of SLs for strain compensation
between GaSb-substrate and InAs/GaSb SL. Thickness of InSb layer depends on the
thickness of constituent InAs layer. Particularly, the SLs with 10ML GaSb/ 10ML
InAs containes 1 ML of InSb. Note, the As-valve was kept closed during deposition
of GaSb and InSb layers. It helped to prevent diffusion of As into these layers.
The second SS (Figure 3.14(b)) is designed to form a GaAs (InSb) interface on
InAs (GaSb) by preferential group V interchange on the growth front. For this
purpose the In (Ga) shutter was closed and the As2 (Sb2 ) flux was left open for a
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Figure 3.14: Investigated shutter sequences
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limited time. This time is known as the “soak time”. Since the lattice constant of
InSb (GaAs) is much larger (smaller) than that of the GaSb, a few monolayers of
these materials leads to an insertion of additional source of strain in a whole structure. For example, Ga-As interfacial bonds induce a tensile strain in a InAs/GaSb
SLs stack and lead to compensation of the compressive strain caused by InSb layers. The duration of soak times determines the thickness of interfacial layers and,
consequently, the lattice-matching conditions for the growth.
The third SS (Figure 3.14(c)) combines both approaches for growth of lattice
matched InAs/GaSb SLs. Here we used Sb-soak time after deposition of GaSb and
InAs layers to improve abruptness of interfaces. Lattice matching was achieved by
insertion of additional InSb layer in each period.
SL samples with 10ML GaSb/ 10ML InAs 100 periods were grown on the undoped
GaSb substrates cleaved in 10 × 10 pieces. Growth temperature was the same for

all samples and equal to Tt − 45◦ where Tt is the temperature of (1×3) to (2 × 5)

reconstruction transition observed on the the GaSb surface under 1 × 10−6 Sb flux.
Growth rates was established to 0.5 ML/sec for both GaSb and InAs.

Structural quality and surface morphology of as-grown samples was evaluated by
HRXRD and AFM techniques, respectively. Calculated period of SL, full width of
half maximum (FWHM) of the first SL peak, lattice mismatch and rms roughness
for each shutter sequence are presented in the Table 3.1.
Table 3.1: Comparison of different shutter sequences
Shutter sequence Period, A |∆a/a|, % FWHM, arcsec RMS roughness, nm
(a)
61.8
0.10
33
0.48
(b)
61.8
0.05
26
0.20
(c)
61.8
0.07
34
0.36
As can be concluded from the data presented in the Table 3.1, the shutter sequence (b) with both As and Sb soak times provides the optimal structural char-
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acteristics as well as surface morphology. We attribute this to the fact of minimal
anion intermixing at the InAs-on-GaSb interface by employing As-soak time. Weakly
bounded Sb on the GaSb surface was removed during As-soak time, which would otherwise be incorporated into the InAs layers. For the same reason Sb-soak time was
employed. Moreover, controlling both types of interfaces offers an additional degree
of freedom in the engineering of band structure. We chose this shutter sequence for
further studies.

3.5.2

Strain optimization

In infrared detectors based on InAs/GaSb SLs, the main part is absorber of infrared
radiation. Typically, this is thick SL region ( 3µm) grown on n or p-type contact
layer. To avoid undesired recombination of photo generated carriers in growth imperfections and achieve good detector performance the absorber region has to be
defect-free. Presence of strain in the structure inavoidably will introduce some defects. Consequently, strain in the thick epilayers has to be minimized.
For the purpose of optimization of the strain in the structure, samples with
different As/Sb soak times were grown. Set A includes six samples with 20 periods
of 8ML InAs/ 8ML GaSb superlattices grown with fixed As-soak time (4 sec) and
variable Sb-soak times. Set B includes three samples with 100 periods of 8 ML InAs/
8 ML GaSb grown with fixed Sb-soak time (12 sec) and variable As-soak times.
During the growth of both sets, the beam equivalent pressure (BEP) was equal to
4.7 × 10−7 for As and 1.0 × 10−6 for Sb. Growth rates were equal 0.5 ML/sec for
both constituent layers of the SL. Full width at half maximum (FWHM) for the
first-order peak of SL as well as lattice mismatch between zero-order peak of SL and
GaSb-substrate were calculated for the both sets and presented in Figure 3.15 and
Figure 3.16.
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Figure 3.15: FWHM of first-order SLS peak and lattice mismatch between first order
SLS peak and GaSb-substrate for set A

It can be noted from Figures 3.15, 3.16 that a variation of six seconds in Sb-soak
time causes a 0.10% change in lattice mismatch and only a ten arcsec change in
the FWHM. However, a change of 1.5 seconds in As-soak time causes an equivalent
change in the lattice mismatch and 28 arcsec change in the FWHM. Thus we believe
that the As soak time is more critical than the Sb soak time during the growth of
these SLs. This can be explained by the fact that Sb-As exchange on the InAs surface
during Sb-soak (creating “InSb-like” interface) is less effective than As-Sb exchange
on the GaSb surface during As-soak (creating “GaAs-like” interface). Based on this
preliminary study, we decided to use a shutter sequence with As-soak and Sb-soak
times equal to 2 and 12 seconds, respectively, for further studies.
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3.5.3

Growth temperature optimization

SL growth temperature
The temperature dependent surface diffusion of the adatoms affects the structural
and optical propertirs of the SL. It is necessary to have a substrate temperature high
enough to avoid the deposition of an excess of element V, but low enough to limit
the atom exchanges at the different interfaces.
For the optimization of growth temperature, the GaSb surface (1×3) to (2 × 5)
reconstruction transition observed on the RHEED pattern was taken as a reference
for all the growth temperatures. This transition temperature (Tt ) is the same for all
the GaSb substrates under a given Sb flux. The first set of samples includes four
samples with 100 periods of 10ML InAs/10ML GaSb SLs grown at 30, 45, 60 and
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75 degrees below Tt and the second set includes four samples with 1µm thick GaSb
deposited at 0, 50, 100 and 120 degrees above Tt .
HRXRD measurements were undertaken on all the samples to assess structural
quality. Surface morphology and roughness of the first set of samples were measured
using an AFM on a 0.5 × 0.5µm2 area. Optical properties were characterized by PL
measurements undertaken at cryogenic temperature (77 K).
The AFM measurements reveal rms roughness of the surface equal to ∼ 0.2nm
which is of the order of one monolayer. The FWHM of the first-order satellite SL
peak measured using HRXRD scans along with the integrated PL intensity are shown
in Figure 3.17. The evolution of the FWHM with the growth temperature shows a
clear minimum at 45 degrees above the transition temperature, with a value equal
to 27 arcsec. This result attests the good crystalline quality and the reproducibility
of the different periods. The integrated value of the PL intensity measured at low
temperature (77 K) also shows a maximum at Tt − 45 degrees.
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Figure 3.17: FWHM of the HRXRD peak and integrated low temperature PL intensity measured for different growth temperature 100 periods SL
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The structural quality of the SLs was verified by undertaking high-resolution cross
sectional transmission electron microscopy (HR-TEM) images of SLs. The HR-TEM
apparatus used here was a JOEL 2010 with a 200kV acceleration voltage. Cross
section specimens were prepared by mechanical polishing followed by ion milling to
achieve electron transparency. A typical image is shown in Figure 3.18. Note that
layers of SLS are well ordered and there are no visible misfit dislocations in the
structure.

Figure 3.18: High resolution cross sectional transmission electron microscopy (TEM)
image of an InAs 8ML/GaSb 8ML superlattice

GaSb-buffer layer growth temperature
Since SL is the absorbing part in the detector structure and heavily p-type doped
GaSb layer serves as a bottom contact of detector, the crystalline and optical properties of both these layers are very critical for the device performance. It is essential
to optimize the quality of the GaSb buffer layer in order to start the SL growth
on a perfectly flat and dislocation free surface. We decided to undertake AFM and
HRXRD measurements to characterize both crystalline quality and surface morphol-
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ogy. AFM results are presented in the upper part of the Figure 3.20, and show values
root mean square (rms) roughness ranging from 0.12 to 0.44 nm. The best value was
obtained in the case of the GaSb layer grown at Tt + 100 degrees, with a roughness
in the order of half of an atomic monolayer. The corresponding image is shown in
the Figure 3.19, and exhibits a smooth surface with clear atomic steps. Moreover,
this sample had the sharpest HRXRD peak, with a FWHM of 12 arcsec (Fig. 3.20,
lower part)

Figure 3.19: Atomic Force Microscopy (AFM) image of a 0.5 × 0.5µm2 area GaSb
layer grown at Tt + 100 degrees.

As a result, Tt + 100 degrees corresponds to the optimum growth temperature
of the GaSb layer in our system, with excellent characteristics for both AFM and
HRXRD measurements.

84

HRXRD FWHM (arcsec)

Roughness RMS (nm )

Chapter 3. Growth and optimization of SLs by MBE

0.5
0.4
0.3
0.2
0.1

24

20

16

12
0

20

40

60

TG

rowth-

80
-

T

t

100

120

(°)

Figure 3.20: Top part-Rms roughness measured by AFM; Bottom part - FWHM of
the HRXRD peak evolution with the growth temperature for a 1 µm thick GaSb
layer.

3.5.4

Characteristics of material grown with optimized conditions

Using the previous results, we grew a structure on a 10 × 10 mm2 GaSb undoped
substrate, consisting of a one µm thick GaSb layer grown at Tt + 100 degrees followed
by a 500 periods of 10ML InAs/10ML GaSb SL grown at Tt − 45 degrees. This
corresponds to a total thickness of ∼ 3µm, resembling a real absorption region in
our devices.
HRXRD spectrum obtained from this sample is presented in the Figure 3.21. The
SL is slightly compressively strained, with a lattice mismatch to the GaSb substrate
equal to 0.05%. Low lattice mismatch enables the growth of SL diodes with large
number of periods without degrading its quality. Furthermore, observation of sample
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surface under Nomarski microscope reveals good surface quality. The FWHM of the
first-order satellite peak is found to be similar to the one obtained with the 100
periods sample, and is equal to 25 arcsec.
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Figure 3.21: HRXRD spectrum of a 500 periods GaSb(10MLs)/InAs(10MLs) SL
grown on top of a 1 µm thick GaSb layer.

In addition, we have performed PL measurements at low and room temperature
on this sample (Fig. 3.22). The spectrum obtained at 77K is intense and relatively
narrow, with a FWHM equal to 32 eV. The maximum is located at 4.64 µm, corresponding to a fundamental transition between the first electron miniband and the
first heavy-hole miniband of 267 meV which is in good agreement with the value
computed using a pseudo-potential model (242 meV). The photoluminescence signal
was observed even at room temperature as shown in Fig. 3.22, confirming the good
optical quality of the sample. The peak is slightly red-shifted at room temperature
with a maximum at 224 meV (5.5 µm).
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Figure 3.22: Low and room temperature PL from 500 periods 10ML GaSb/10ML
InAs SL grown on top of a 1 µm thick GaSb layer.

3.6
3.6.1

Optical charazterization of absorption region
Measuring of SL’s absorption coefficient

Absorption coefficient of InAs/GaSb SL was measured at room temperature. Since
the GaSb substrate absorbs MWIR light, its absorption needs to be measured as a
reference in order to measure the superlattice’s absorption. GaSb n-type (Te-doped)
substrate ((1 − 9) × 1017 cm−3 ) was cleaved into several pieces and the transmitted
power spectrum of the IR source inside the FTIR spectrometer through one of the
substrate pieces was first measured (TGaSb (λ)). On another piece of the substrate,
300 periods of nominally undoped 8 ML InAs / 8 ML GaSb superlattice were grown.
Then the transmitted power spectrum of the same IR source through both the super-
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Figure 3.23: Absorption coefficient of the 8ML InAs/8ML GaSb SLs measured at
300K

lattice and the GaSb substrate on which it was grown on was measured (TT otal (λ)).
Assuming the reflection at the air/GaSb interface and at the air/superlattice interface are the same, and neglecting the reflection at all the other interfaces, the
transmission through the superlattice can be determined as
TSL (λ) =

TT otal (λ)
TGaSb (λ)

(3.4)

The transmission of light through an absorbing material T (λ) relates to the material’s absorption coefficient α(λ) and thickness of absorption region d and can be
approximated by equation 3.5. In this model multiple reflections of light inside the
SL are ignored. As a consequence, the SL absorption coefficient evaluated by eq. 3.5
gives an overestimated result.
T (λ, d) = e(−α(λ)×d)

(3.5)

The 8 ML InAs/8 ML GaSb SLS’s absorption coefficient obtained by combining
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Equations 3.4 and 3.5 is presented in the Figure 3.23. At 4 µm, the SL’s absorption
coefficient is equal to 4×103 cm−1 . For the bulk InSb and Hg0.72Cd0.27 T e detectors at
the same wavelength the absorption coefficient is equal to 8×103 cm−1 [72]. Comparable absorption coefficient at room temperature makes InAs/GaSb SL a compelling
alternative technology for MID-IR detection.
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Figure 3.24: PL for different InAs/GaSb SL period thicknesses

3.6.2

Influence of SL period thickness on the cut-off wavelength

The growth process of InAs/GaSb SL posess uncertainty related to the (i) controlling
of composition, (ii) interfacial broadening and (iii) layer thickness. Since growth rates
variation in the consecutively grown samples is negligible and the shutter sequence
with the timing of shutter operation is consistent from sample to sample, the first
two factors of uncertainty might be eliminated. The difference in period thickness
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leads to the difference in resulting band structure. Particularly, increased thickness
of GaSb layers with fixed thickness of InAs layers, will result in a poorer electron-hole
function overlap, thus resulting in the “blue-shift“ in cut-off wavelength. [62].
To observe this phenomenon, we grew two SL samples with InAs 8ML/ GaSb
8ML and InAs 8ML/ GaSb 24ML 100 periods each. Then low-temperature PL was
measured for the both samples. Results are presented in the Figure 3.24.

3.7

Conclusion

In this chapter we presented the optical and structural characterization of InAs/GaSb
strain layer superlattices grown on GaSb substrates by molecular beam epitaxy. For
the SL growth, we utilized shutter sequence with both As (2 sec) and Sb (12 sec)
soak times employed. Good abruptness of the interfaces was confirmed by TEM
measurements with approximately 1 ML of InSb and GaAs formed during the anion
intermixing at the InAs-on-GaSb and GaSb-on-InAs interfaces, respectively.
The optimal conditions for the deposition of absorption (SL) and contact (GaSb)
layers of SL detector were investigated. SL sample consisting of a one µm thick
GaSb layer grown at Tt + 100 degrees followed by a 500 periods of 10ML InAs/10ML
GaSb SL grown at Tt − 45 degrees was produced and characterized. The FWHM of
the first-order satellite peak was found to be equal to 25 arcsec and the difference
between the first order SL peak and the substrate peak was found to be 55 arcsec
(∆a \ a = 0.05%). Low lattice mismatch enables the growth of SL diodes with large
number of periods without degrading its quality. Consequently, SL detectors with the
thicker active regions can be grown which leads to an increased quantum efficiency
of device. Low (λmax = 4.64 µm) and room temperature (λmax = 5.50 µm) PL was
observed confirming the good optical quality of the sample. Absorption coefficient of
InAs/GaSb SL was measured at room temperature. For the 300 periods of nominally
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undoped 8 ML InAs / 8 ML GaSb it was equal to 3951cm−1 at 4 µm. Comparable
absorption coefficient at room temperature along with increased quantum efficiency
makes the InAs/GaSb SL a compelling alternative technology for mid-IR detection.
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N-on-P Photodiodes based on
InAs/GaSb SLs

In this chapter we will describe the growth, processing and characterization of singlepixel InAs/GaSb SL detectors. Temperature dependent current-voltage characteristics were measured and dynamic resistance-area product was evaluated based on
these data. Responsivity was measured as a function of applied bias and external
quantum efficiency was estimated. Careful mesurements of noise specrum were performed and spectral detectivity was calculated at 82K and 300K. Issues assosiated
with degradation of detector performance at low temperatures will be discussed and
methods of improving the device performance will be suggested.
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4.1
4.1.1

Single-pixel photodiodes
Heterostrocture schematic

The structures used in this work [68, 69] were grown using solid source molecular
beam epitaxy (MBE) on nominally undoped epiready (100) GaSb substrates. The
solid source VG-80 MBE reactor was equipped with an Sb cracker source and As
valved cracker source. The As2 flux was controlled without changing the temperature
of the cell enabling low flux transients. This is critical for the formation of atomically
abrupt interfaces with reduced cross contamination in the layers. Sb2 flux was kept
stable during the SL growth. Group-III fluxes were calibrated by monitoring intensity
oscillations in the reflected high-energy electron diffraction (RHEED) patterns, while
group-V fluxes were adjusted using a conventional ion gauge to satisfy group V/III
beam equivalent pressure ratio equal to 1.7 during deposition of InAs layers and 3.5
during deposition of GaSb layers.
Prior to the growth of the detectors, two sets of calibration samples with 8ML
InAs/8ML GaSb and 8ML InAs/24ML GaSb were grown on GaSb substrates. Symmetric (004) and asymmetric (224) X-ray scans were performed on the samples with
a Philips double-crystal X-ray diffractometer using the Cu − Kα1 line. From the
spacing between the satellite fringes, the exact growth rates and thicknesses of the
InAs and GaSb layers were determined.
For the growth we employed shutter sequence with As and Sb soak times allowed
the formation of the GaAs (InSb) interface on InAs (GaSb) by preferential group
V interchange on the growth front. Since Sb-for-As exchange at the InAs-to-GaSb
interface is unfavourable, change in Sb-soak time did not greatly influence the lattice
mismatch between GaSb-substrate and the SLS, whereas a small change in As-soak
time caused a significant reduction in the in-plane strain. In our optimized design,
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we used As-soak and Sb-soak times equal to 2 and 12 seconds, respectively. Using
this approach, the residual strain in the superlattice was minimized and samples
with multiple periods ranging from 30 to 625 were grown with the in-plane lattice
mismatch ∆ak /a < 5 × 10−4 . Figure 4.1 shows the symmetrical (004) scan of a 625
period InAs 8ML/ GaSb 8ML sample.
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Figure 4.1: X-ray diffraction patterns from a 625 periods 8ML InAs/ 8ML GaSb
strain layer superlattice (SLs) detector sample. AlSb-etch stop layer and InAs-top
contact layer are also indicated

Influence of As/Sb soak times on the device performance or PL was not investigated. Kaspi et al have previously shown that a twelve second difference in As-soak
time was required to create a 250nm shift in InAs/GaSb SLS absorption edge [36].
The bandgap of the superlattice was determined through photoluminescence (PL)
measurements. The PL sample consisted of 100 periods of 8ML InAs/ 8ML GaSb SLs
whereas the sample used for the X-ray analysis was an actual detector structure with
625 periods of 8ML InAs/ 8ML GaSb SLs. A 200Å AlSb barrier was grown below
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the SLs to capture the photoexcited carriers. Figure 4.2 shows a photoluminescence
spectrum from the sample. The bandgap obtained from the PL measurements is in
very good agreement with the theoretical prediction of the pseudopotential model.
This theoretically predicted value is depicted by the arrow in Fig. 4.2.
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Figure 4.2: A typical PL spectrum from a SLs sample. The black arrow depicts value
of SLs bandgap predicted by pseudopotential method (4.27 µm).

After verifying the structural and optical properties of the superlattice, n-i-p
detectors were grown. The active region consisted of 625 periods of 8ML InAs/
8ML GaSb SLS. The bottom GaSb Be-doped contact layer (p = 2 × 1017 cm−3 )
0.5 µm thick was grown at Tt + 100 degrees whereas the nominally undoped SLs
active region and the InAs Te-doped contact layer were grown at Tt − 45 . Since
Heterostructure schematic is shown in Figure 4.3. Normal incidence single pixel
photodiodes were fabricated using standard lithography with apertures ranging from
25-300µm in diameter, as described in next section.
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Figure 4.3: Schematic of the InAs/GaSb SLs n-i-p detector

4.1.2

Fabrication of Detector

Basic fabrication process for the single-pixel InAs/GaSb SLs detectors includes following steps:

(1) Top contact metallization
(2) Mesa isolation etch
(3) Bottom contact metallization

This process may also include passivation. Each of processing steps is described
below in details.

Top contact metallization
A standard optical photolithography was utilized for the metal pattern definition.
The photolithographic process consisted of the following steps:
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(i) Pretreatment
The wafer must typically be pretreated before resist application in order to
obtain a smooth, uniform coverage of the photoresist to the wafer. The first
step in the pretreatment is the cleaning and a dehydration bake. Wafer was
cleaned consecutively in acetone, isopropanol (IPA) and de-ionized (DI) water
(5 minutes each) and then blow-dried with nitrogen (N2 ). The dehydration
bake was performed at 150◦ during 6 minutes. This step is intended to drive
off most of the adsorbed water on the surface of the wafer. A dehydration
bake is also effective in volatilizing organic contaminants, further cleaning the
substrate. At150◦ , it is estimated that about one monolayer of water remains
on the surface
(ii) Adhesion promoter application
Immediately following the bake the wafer was primed with hexamethyldisilazane (HMDS), which acted as an adhesion promoter. Liquid HMDS was
applied directly to the wafer by dispensing a fixed volume and spinning the
wafer to spread out the liquid to a very thin uniform coating. For spinning
HMDS wafer was amounted on a vacuum chuck. Torque was applied to the
chuck to rapidly accelerate in with rotational speed of 5000 rpm during 30 seconds. One monolayer of HMDS bonded with the surface of the wafer, even it
is partially hydroxylated. The other side of the molecule bonded readily with
the resist. After HMDS application the wafer underwent a softbake at 150◦ for
30 seconds. Softbake is required to promote adhesion.
(iii) Resist application
The wafer was coated with AZ5214E-IR photoresist after it was primed. Photoresist was spun on the wafer with a rotational speed of 5000 rpm for 30
seconds. These conditions verified negative wall profile needed for the lift-off
of evaporated metal.
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Figure 4.4: Schematic of the masks used in fabrication process of SLs detectors

(iv) Resist bake, exposure and developing.
After resist application, the wafer was baked at 90◦ for 90 seconds. The function
of this step is to drive off most of the solvent in the resist and to establish the
exposure characteristics. After bake, the wafer was exposed for 3.5 seconds
at 200 mJ/cm2 on MJB-3 mask aligner. Schematic of the mask used for the
definition of resist patterns is shown in the Figure 4.4(a). Apertures ranged
from 25µm to 300µm. For the image reversal of the photoresist, the most
critical parameter is reversal-bake temperature (it should not exceed 125◦ C).
The exposed wafer was baked during one minute at 112◦ C. Then flood exposure
(without mask) during one minute at the same light intensity was applied to
the wafer. Finally, wafer was developed in AZ400K developer diluted in five
parts of water for 30 sec. Then the wafer was rinsed in DI water bath for
two minutes and blow-dried with N2 . Patterns were examined under Nomarski
microscope and measured by alfa-step profilometer. The resulting thickness of
the resist was equal to 1.3 µm.

After finishing the photolithography process, metal was deposited. For an ntype contact, Ti (500Å)/ Au(3000Å) was used. This composition provided good
ohmic behavior of contact for the n-doped InAs without annealing. Metals were
thermally evaporated with deposition rates of 1.5Å /sec and 2Å /sec for the Ti and
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Au, respectively. Lift-off process included soak of the samples in acetone for 2 hours
with subsequent acetone-brush treatment. Resulting thickness of metal patterns was
verified by an alfa-step profilometer.
Process flow for the top contact metallization is illustrated in the Figure 4.5.

Mesa isolation etch
Metal patterns obtained after top contact metallization were covered with positive
resist using the standard optical lithography.
The mesa etch process consisted of the following steps:

(i) Pretreatment
Wafer was cleaned in acetone, IPA and DI water (5 minuted each) and then
blow-dried with N2 . Then dehydration bake was performed at 150◦ C for 6
minutes.
(ii) Photolithography for the etching process
Wafer was primed with HMDS with rotational speed of 5000 rpm for 30 seconds.
Conditions for the following HMDS soft bake were 150◦ C for 30 seconds. Then
positive resist AZp4330 was spun on the wafer with rotational speed of 4000
rpm for 30 seconds. Photoresist was dried out at 90◦ C for 90 seconds (hard
bake). Then wafer was exposed for 11 seconds at 200 mJ/cm2 on MJB-3 mask
aligner using Mask 2 (Figure 4.4). Finally, wafer was developed n AZ400K
developer diluted in four parts of water for 30 sec. Then the wafer was rinsed in
DI water bath for two minutes and blow-dried with N2 . Patterns were examined
under Nomarski microscope and measured by an alfa-step profilometer. The
resulting thickness was equal to 3.2 µm.
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Figure 4.5: Process flow for the top contact metallization

(iii) Mesa isolation etch
We used wet chemical etching based on phosphoric acid (eqn. 4.1) with etch
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rate equal to 0.08 µm \ min. Surface roughness was measured before and after
the etch process by an alfa-step profilometer. We did not find considerable
degradation of surface quality after wet etch process.
H3 P O4 : H2 O2 : H2 O = 1 : 2 : 20

(4.1)

Process flow for the mesa isolation etch is illustrated in the Figure 4.6.

Figure 4.6: Process flow for the mesa isolation etch

Bottom contact metallization
We used Ti (500Å)/Pt (500Å)/ Au(3000Å) for the ohmic contact to p-type GaSb
[85, 91]. Metals were thermally evaporated with deposition rates of 1.5Å /sec, 1.0Å
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/sec and 2Å /sec for the Ti, Pt and Au, respectively. Metallization process was
anticipated by image reversal photolithography, in details described in the section
”Top contact metallization”. The used mask is shown in the Figure 4.4(c). Liftoff process after p-contact metallization included soak of the samples in acetone
for 2 hours with subsequent acetone-brush treatment. Resulting thickness of metal
patterns was verified by an alfa-step profilometer.
After processing, devices were individually diced and wire bonded to a leadless
chip carrier for further characterization.

4.1.3

Single-pixel detector characterization

Bias dependent dark currents were measured in the 30-300K temperature range. The
dark current was measured with a cold radiation shield, which was painted black to
avoid spurious signals due to reflections. The dark current vs. applied bias voltage
for different temperatures is shown in Fig. 4.7
At Vb = −0.1V , the total dark current is equal to 1 × 10−5 A at 30K and to 0.01A

at 300K (this corresponds to ∼ 6mA/cm2 and ∼ 6A/cm2 , respectively). Dynamic

impedance-area product RA at different temperatures was calculated based on dark
current data and is presented in Fig. 4.8. The R0 A at 30K is equal to 30 Ωcm2 and
R0 A at 300K is 0.02 Ωcm2 .
The I-V and R0 A curves presented in Figs. 4.7, 4.8 indicates a leaky diode at
low temperatures. For the devices with etched mesas the dangling bonds at the
surface of the etched sidewalls are responsible for the increased surface generationrecombination current. Moreover, surface states created by the dangling bonds work
as traps for the photogenerated carriers degrading the detector performance. With
decreasing temperature bulk component of dark current is reduced since it is strongly
temperature dependent and surface current become dominant component of dark
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Figure 4.7: Dark current IV characteristics of a 400µm × 400µm SLs diode as a
function of temperature

current. High values of dark current density even at a small value of reverse bias
(∼ 100mV) (Fig. (4.7)) and degradation of R0 A values with increasing applied bias
at the same temperature (Fig.(4.8)) reflect this behavior. At higher temperatures
the number of thermally generated carriers is increased and influence of surface component of dark current become smaller. Relatively low values of dark current density
at low values of reverse bias and slightly deviated from ideal shape dependence of
R0 A vs. applied bias at 300K confirm this statement.
It should be noted the maximum value of R0 A does not correspond to the zero
bias. The nature of this shift is not clear yet, we attribute it to the lineup of
conduction and valence bands at the SL-contact interfaces of the structure.
Dynamic impedance-area product at zero bias R0 A as a function of temperature
is shown in Fig. 4.9. At high temperatures the slope of the curve is proportional to
the SL bandgap (248 meV). This dependence implies that at high temperatures the
minority carrier diffusion current is the dominant dark current component for this
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Figure 4.8: The measured R0 A of the SLs diodes as a function of applied bias

device structure whereas at low temperatures the dominant dark current components
are, probably, generation-recombination and trap assissted tunneling currents.
Figure 4.10 shows normalized spectral response, from a 300 µm diameter device
for different temperatures. The spectral response was clearly visible at 300K (at Vb
= -0.3V). The cut-off wavelength was shifted from ∼ 4.3µm at 50K to ∼ 5.0µm
at 300K. We attribute this shift to the change in bandgap as a function of the
temperature. The shoulder at ∼ 3.5µm is due to a transition to a higher lying hole
states in the SLs. Absorption feature observed at ∼ 4.25µm at 150K and 300K is
due to absorption by CO2 .
The measured room-temperature current responsivity at λ = 4µm is shown in
Fig. 4.11. The measurements show responsivity of 2.16 A/W at V = –0.3V. Since
scattering within the substrate was not taken into account in the calculation this
could lead to an overestimate for the responsivity.
To obtain an estimate for the external quantum efficiency (the ratio of the number
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Figure 4.9: The measured R0 A of the 400µm x 400 µm SLs diode as a function of
temperature

of electron-hole pairs collected as a photocurrent to the number of incident photons,
with no corrections for the reflection losses) at the wavelength of the peak diode
response, we multipled the bias-dependent responsivity spectrum by hc/qλ where λ
is equal to 4µm. The estimated value of the external quantum efficiency is shown in
Fig. 4.11. The calculation revealed value of QE equal to 60% at -0.3V (we assumed
double pass of light).
The responsivity, as well as quantum effciency, was found to be dependent of
the magnitude of the applied reverse bias. We attribute this dependence to the
fact the relatively thick absorption region of SL detector (∼ 3µm) was not fully
depleted at zero bias and, consequently, the collection efficiency was not saturated.
With increased magnitude of applied bias the collection efficiency increases due to
the contribution of additional carriers from undepleted parts of absorber and contact layers. We are presently undertaking studies to investigate the bias dependent
behavior of the QE when the thickness of the active region is changed.
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Figure 4.10: The normalized spectral response from a 300µm diameter device for
different temperatures. Note that the spectral response was observable at 300K.

To obtain the detectivity, a very careful noise analysis and measurement was
undertaken. In the literature, the most commonly reported values for the D ∗ are the
Johnson noise limited D ∗ (obtained from the R0 A product). However, this is not a
good measure of the detector performance for the system designer since the detector
in any imaging system will be observing a 300K background. To obtain the true
detector limited D ∗ , one must obtain all the sources of noise and then determine the
various noise limiting mechanisms. In our case, this was done by measuring the noise
power spectral density (PSD) with the detector seeing a 300K scene with a 2π field of
view (FOV). This is the most realistic operating condition for a detector under field
test conditions. In order to have better frequency resolution the entire frequency
range (1Hz-100kHz) was divided into several parts each containing 2-3 frequency
decades and then the different sub-ranges were superimposed to obtain the final
range. For each small sub-range spikes were ignored as artefacts of measurements.
Fig. 4.12 shows the noise spectrum, i.e. noise current as a function of frequency along
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Figure 4.11: The measured current responsivity and estimated value of the external
quantum efficiency at λ = 4µm

with the background system noise. From this figure, the D ∗ under different noise
limiting mechanisms (1/f noise, white noise etc) can be obtained. Measurements
were performed at the University of Illinois (Chicago).
For example, to obtain the white noise limited D ∗ (including shot noise and
Johnson noise) we used the following equation (4.2)

√
R
A · ∆f
D∗ =
white
iN

(4.2)

where R is the measured responsivity, A is the electrical area of diode, iwhite
is
N
the white noise current (obtained by integrating the noise spectrum in a bandwidth
of ∆f beyond the corner frequency). From the white noise portion of the spectrum,
we obtained D ∗ = 5.2 × 1010 Jones (V=-0.02V at 80K, 300K scene with 2π FOV).

Similarly, the 1/f noise limited D ∗ at 50 Hz is equal to 3 × 1010 Jones under the same
operating conditions.
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At room temperature the spectral detectivity D* was estimated using equation
( 4.3)
s
√
Ad ∆f
1
η·λ
=
·
D = Ri
in
1.24
(2qJ +
∗

4kT
Rd Ad

)

(4.3)

where Ri and η is the responsivity and external quantum efficiency of the detector;
in is the noise current resulting from Johnson noise ( A4kT
) and shot noise (2qJ)
d Rd
components; Ad is the area and Rd is the dynamic resistance of detector, respectively.
Figure 4.13 presents spectral detectivity as a function of applied bias.
At room temperature and -0.3V of applied bias spectral detectivity reaches ∼

7 × 1010 Jones. This is among the highest values reported in the literature for Sls
detectors (for example, ∼ 1 × 1010 Jones was reported by Wei et al [98] for uncooled

operation of SL detectors).
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Figure 4.13: Spectral detectivity as a function of applied bias at 300K

4.2

Conclusion

In this chapter, we discussed high performance mid-infared InAs/GaSb SLs detectors (λcut−of f was ∼ 4.3 at 50K and ∼ 5.0µm at 300K) grown by molecular beam
epitaxy. The structural, optical and electrical properties were characterized using
X-ray crystallography, TEM, and PL measurements. Temperature dependent I-V
curves were measured at the large range of temperatures (30-300K). At Vb = −0.1V ,

the total dark current was equal to 1 × 10−5 A at 30K and to 0.01A at 300K (this

corresponds to ∼ 6mA/cm2 and ∼ 6A/cm2 , respectively). Dynamic impedance-area

product RA at different temperatures was calculated based on dark current data.
The R0 A at 30K was equal to 30 Ωcm2 and R0 A at 300K was 0.02 Ωcm2 . Relatively
low values of dark current density at 0-100meV bias values and R0 A imply the surface current become dominant component of dark current at low temperatures. At
higher temperatures, values of dark current density and dynamic-area resistance at
zero bias are comparable with the best values reported in the literature. This can be
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explained by the reduced influence of surface component of dark current (if compare
with the bulk component of dark current) for devices with small perimeter-to-area
ratios (e.g. 400µm x 400µm) at higher temperatures.
The current responsivity of the diodes has been measured to 2.16 A/W at V =
–0.3V using background illumination from a 300K environment. External quantum
efficiency was estimated to 67% (Vb = -0.3V at 300K. We believe that the improved
external quantum efficiency is due to the optimized growth conditions including the
optimization of As and Sb soak times. The detectivity D ∗ at 80K was estimated
by measuring the noise spectrum at 80K and the white-noise and 1/f noise limited
D ∗ = 5.2 × 1010 Jones and 3.0 × 1010 Jones, respectively (Vb = -0.02V, 300K 2π
FOV). At 300K spectral detectivity was estimated using the dark current data. At
room temperature and -0.3V of applied bias spectral detectivity reaches ∼ 7 × 1010
Jones. This is among the highest values reported in the literature for Sls detectors.
For improvement of device performance at low temperatures, methods for elimination of surface leakage current have to be found. One such method is the passivation
of device sidewalls as a part of processing procedure and is discussed in chapter 5.
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5.1

Introduction

As described before, detectors based on InAs/GaSb SLs the promising alternative
technology to traditional interband infrared materials such as HgCdTe for the near
room temperature mid-IR detection. To use these detectors in focal plane arrays
their dimensions need to be reduced (∼ 20µm). Then surface leakage currents will
become a dominant current. To eliminate this effect, the number of surface states
has to be minimized. Moreover, as was shown in previous chapter, performance of
SL detector at low temperatures is degraded due to the surface leakage currents.
Thus a surface passivation treatment has to be developed for InAs/GaSb material
system.
Constituent components of InAs/GaSb SL are very chemically reactive. Their
surfaces are easily oxidized and a native oxide layer of several nanometers thick is
quickly formed upon exposure to air. This leads to surface states in the band gap
region by modification of surface stoichiometry, and surface roughness.This has a
significant impact on the device performance.
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In this chapter, we describe origins of surface states and process of native oxide
formation on InAs and GaSb surfaces. Then the mechanism of formation of sulphur
passivation coating on type-II SLs devices is theoretically investigated. Finally, two
methods of InAs/GaSb type-II superlattice photodiodes sulfidization were implemented: ammonium aqueous-based and electrochemical processes. Effectivness and
long-term stability of sulphur passivation coatings obtained by both methods were
evaluated and compared.

5.2

Origin of surface states

Semiconductor surfaces and interfaces have a large influence on characteristics of optoelectronic devices especially with the scaling of active region dimensions of devices.
The concept of generation of electronic states within the forbidden energy bandgap due to disruption of a continuous periodic structure was the first introduced by
Tamm. Using a one-dimensional Kronig-Penny model he showed that if a periodic
square-well potential was terminated on one side by a surface potential barriers
(Fig. 5.1 [54]) there would be (in addition to the usual allowed energy bands of
the Kronig-Penny model) discrete allowed levels within the forbidden energy regions
corresponding to wave functions which are localized near the surface.
Further, Shockley [81] characterized the surface as a symmetric termination of
the periodic potential and correlated the surface energy levels with the inter-atomic
distance. The interaction between neighbouring atoms causes the otherwise degenerate energy bands to split into discrete levels so that the lowest level of the upper band
approaches the upper level of the lower band. If the lattice constant is small enough
the two levels (called Shockley states), they pair off in the forbidden band, however
spatially these levels are localized at the semiconductor surface. The Shockley states
are believed to be associated with the unsaturated or dangling bonds of the surface
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Figure 5.1: The formation of localized Tamm states in the forbidden energy region
at the surface of a one-dimensional crystal

atoms. Several models of energy distributions in surface states are showed in Fig. 5.2
( [21]).

Since any defect, impurity or oxide layers at the surface will cause a disturbance
of the lattice potential, surface states will result if defects or impurities exist in a
region of the semiconductor near the surface. Surface states arising from terminated
well-ordered surface without defects are assigned as intrinsic states whereas surface
states due to structural imperfections, impurities or oxide layers are called extrinsic
states.

A high density of surface states in the forbidden energy band-gap region can cause
pinning of the surface Fermi level near the midgap and, as a consequence, lead to a
high rate of surface radiationless recombination. Moreover, surface states can trap
minority and majority carriers thus considerably degrading device performance.
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Figure 5.2: Surface state models (a) two discrete levels, (b) two bands, (c) merged
bands, (d) cosh-like bands, (e) ionic-like bands, (f) possibilities of extrinsic distributions. Shaded regions are donor-like states and clear regions are acceptor-like states.

5.3

Native oxide formation on GaSb and InAs surfaces

The main material components of detectors developed and studied in the presented
work are InAs and GaSb. Similary to most III-V semiconductors, native oxide is
readily grown on GaSb and InAs surfaces forming a thick overlayer. Understanding of
oxidation chemistry and oxide-semiconductor interface properties is very important
since it can strongly influence device performance.
Analysis of Ga−Sb−O and In−As−O equilibrium phase diagrams (Fig. 5.3(a,b))
predicts the multilayered composition of the oxide film for the GaSb and InAs due
to thermal oxidation with oxigen in the air or H2 O. In the case of GaSb, predicted
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oxide film composition is GaSb/(Ga2 O3 : Sb)/(Ga2 O3 : Sb2 O3 )/GaSbO4 and in the
case of InAs it is InAs/(In2 O3 : As)/(In2 O3 : As2 O3 )/InAsO4 [78]

Figure 5.3: Ga − Sb − O and In − As − O equilibrium phase diagrams

The oxidation of GaSb at room temperature starts with breaking the back bonds
of the surface atoms and subsequent rearrangement to form the initial oxide layer.
The oxygen diffuses through the surface, reacts with both Ga and Sb, and forms the
initial oxide layer at room temperature
2GaSb + 3O2 −→ Ga2 O3 + Sb2 O3

(5.1)

The heat formations for Ga2 O3 and Sb2 O3 are ∆HGa2 O3 = −258.5kcal/mol and
∆HSb2 O3 = −226kcal/mol, respectively. Therefore, the formation of Ga2 O3 might
be faster than that of Sb2 O3 . This initial oxide layer then acts as a capping layer,
and the subsequent inter-diffusion of oxygen makes the oxidation proceed.
Since the chemical potential of the oxidant decreases from the gas-film interface
to the film-substrate interface, with formation of initial oxide layer the chemical
potential of oxidant on the substrate surface will be decreased. Thus, only those
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phases on the phase diagram which are connected to the substrate via tie-lines will
be stable against film-substrate reaction. Oxidation film after formation of capping
layer will consist of Ga2 O3 , elemental Sb and GaSb; Sb2 O3 will be removed from the
surface through the reaction
2GaSb + Sb2 O3 −→ Ga2 O3 + 4Sb

(5.2)

Using the same argument, in case of thermal oxidation of InAs with oxigen in the
air or H2 O at room temperature two reactions could occur
2InAs + 3O2 −→ In2 O3 + As2 O3

(5.3)

2InAs + As2 O3 −→ In2 O3 + 4As

(5.4)

Thus, thermodynamic analysis predicts the formation of elemental Sb and As at
oxide-GaSb and oxide-InAs interfaces, respectively. Experimentally the elemental Sb
has been detected at the interface. Its semimetalic nature can result in the conduction
channel parallel to the interface, which leads to increasing of surface component of
dark current and degrading device performance.
XPS measurements [32] of oxidized InAs did not detect In2 O3 and As2 O3 phases
as well as elemental As at the oxide-InAs interface. Instead, InAsx Oy oxide was
detected at the interface with composition closer to InAsO3 than to InAsO4 and
As was found to be distributed througout the oxide film. It could suggest that the
reaction (5.5) is favored.

In2 O3 + As2 O3 −→ InAsO3

(5.5)
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Thus, GaSb and InAs at room temperature will react with atmospheric oxigen
and form elemental antimony or indium oxide with elemental arsenic distributed
through the oxide. This mechanism is responsible for the formation of additional
conductive channels and, consequently, lead to a large surface component of dark
current.

5.4

Passivation

Ideally, a good passivation layer must perform three functions:

• prevent chemical reactions between ambient atmosphere and the semiconductor
surface (chemical passivation);
• eliminate and prevent the formation of interface states in the forbidden gap of
semiconductor (electrical passivation);
• serve as an energy barrier for charge carriers at the interface, i.e. possess a sufficient energy barrier such that electrons will not be lost from the semiconductor
surface to the passivating layer.

Work on passivation of III-V semiconductor surfaces is following in two main directions. The first one is deposition of relatively thick native oxide layer or layer of
foreign insulator (SiO2 , Si3 N4 ) [26]. This method solves the problem of chemical
passivation. The second direction, which is modification of the atomic structure of
the semiconductor surface by foreign atoms, solves the problem of electrical passivation [11]. Chalcogenide passivation (modification of surface by sulphur or selenium
atoms) enables both chemical and electronic passivation.
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5.4.1

Sulfidization of III-V semiconductors

There are a number of reports on the improved electronic properties of passivated
GaAs (001) surface in terms of enhanced photoluminescence and reduced surface
band bending [74, 83, 14]. Surface chemistry studies indicate that the bond formation
between chalcogen atoms and GaAs surface species changes the surface electronic
structure, reduces the surface state density within the band-gap, and improves the
electrical and optical properties. Based on the photoreflectance measurements, Paget
et al. [63] proposed that the formation of Ga-S bond was responsible for the reduction
of surface states within the forbidden gap.
Passivation of InAs (001) surface by ammonium sulfide solution was studied [66,
61]. It was found the passivation effectively removes native oxide with the minimal
surface etching and creates a covalently bonded sulfur layer. Final structure of
passivated InAs surface can be represented by S-on-In-on-As “layer-cake” model.
In order to improve the GaSb surface characteristics, various surface passivation
processes have been studied based on wet or dry chemical processing. Stimulated
by the successful application of sulfide passivation of GaAs surfaces, the passivation
of GaSb surfaces by alkaline sulfides, including Na2 S and (NH4 )2 S in aqueous solutions, have been studied by several research groups [23, 9, 65]. The observation
of enhanced PL intensity and reduced diode leakage current indicated the improvement in the electrical and optical properties of the GaSb surface by sulfur-based
treatments.

5.4.2

Formation of passivation coating during sulfidization

GaAs is the most studied material among III-V compounds. Sulfide passivation of
GaAs has been studied for past 15 years [50, 75, 97, 19] and theory of formation of
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silphur passivation coating on GaAs surfaces was developed [12, 13, 14].
The reduction in the density of surface states by sulfidization is attributed to the
formation af an ordered layer of sulfur adatoms on the surface. Electronic structure
of the sulfidized surface migth be predicted theoretically based on the suitable choice
of reconstruction, optimizing the position of the atoms on the surface by minimizing
the total energy, and calculating the distribution of the density of electronic states
for the given atomic structure.
In this way, Ohno et al [59, 60]. reported the theoretical calculation results
for ideal GaAs (001)-1x1 surfaces with a full monolayer of S atoms adsorbed on
either the Ga- or As- terminated surface. They found that surface bridge sites were
energetically favorable for S adsorption. In the bridge configuration, the binding
energy of Ga-S bond is 1.22eV higher than that of As-S bond. A simple tightbinding picture, as seen in Fig. 5.4, was used to illustrate the reduction of gap-region
states by sulfur passivation. The interactions between the Ga dangling bond and
the S sp3 orbitals form the bonding and anti-bonding states. The bonding states
are fully filled lying within the valence band, while the empty anti-bonding states
are in the conduction band. Therefore the S adsorption on an ideal Ga-terminated
surface replaces the mid-gap Ga-related surface states with a low-lying S-induced
surface states. However, on an As-terminated surface, the S-As anti-bonding states
are still within the energy gap and they are partially filled with electrons, preventing
the reduction of the gap-region surface state density.
Mechanism of formation of passivation coating for III-V compound can be divided
into two stages:
(i) Removal of oxide layer from the surface.
(ii) Transfer of electrons from the semiconductor into the solution and formation
of chemical bonds between semiconductor and sulphur atoms.
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Figure 5.4: Tight-bonding predictions of the electronic states of Ga- and Asterminated GaAs (001)-(1x1) surfaces with S adsorption. The sp3 states of Ga,
As and S are considered and the occupation number of electrons is given to each
state. The number in parentheses represents the electron contribution from each
atom in the formation of Ga-S or As-S bond ( [60])

Bessolov, Lebedev and co-workers [11, 10] describe the sulfidization of III-V semiconductors from solutions of inorganic sulfides as an red-ox reaction

AIII B V + HS − + R − OH −→ (AIII )x′ Sy′ + (B V )x′′ Sy′ + R − O − + H2 (5.6)
Here R is a hydrogen atom (for aqueous solutions) or an alkyl group (for alcohol
solutions). The sulfide coating is a mixture of different sulfides, since the stoichio′

′′

′

′′

metric coefficients x (x ) and y (y ) can vary from 1 to 5.
It was proposed the formation rate of sulphur passivating coating should increase
with increasing treatment temperature, the concentration of sulphur atoms in the
solution and with decreasing pH of the solution.
From the passivation study of GaAs it was found the sulfidization of III-V semi-
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conductors proceeds more efficiently in alcohols than in water. It was atrributed
to the lower dielectric constants of alcohols: a less polar medium allows a stronger
electrostatic interaction between solution ions and the semiconductor surface.
Liu et al. [48, 49, 100, 47] investigated non-aqueous versus aqueos-based passivation of GaSb (100) surfaces. A non-aqueous passivation solution contained a sodium
sulfide in anhydrous benzene. To increase solubility of sodium sulfide, a cation complexing agent, 15-crown-5, was added to the solution. Aqueous sulfidization consisted
of the immersion of GaSb wafers in saturated NA2 S aqueous solution.
Passivation reduces surface recombination velocity of the sample. In samples
with high recombination surface rate in the vicinity of a surface region depleted of
carriers is formed. A localized region of low carrier concentration causes carriers to
flow into this region from the higher concentration regions. Thus, when light fall on
such sample, most of it can recombine at the surface even before reaching the bulk
material. Thus effectivnes of passivation can be estimated by measured intensity of
PL emission from the passivated samples.
It was found aqueous sulfidization resulted in a threefold increase in PL intensity
whereas nonaqueous sulfidization resulted in marked enhancement in PL intensity.
Also, the non-aqueous passivation process results in higher sulfide coverage, and lower
content of the residual oxide and elemental Sb than that produced by aqueous-based
passivation.

5.5

Sulfidization of InAs/GaSb SLs detectors

In the presented work, we investigated surface passivation of InAs/GaSb type-II superlattice photodiodes by sulphur atoms during wet and electrochemical processes.
The optical characteristics before and after chemical treatments were studied by pho-
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toluminescence (PL). Thickness of deposited sulfur was evaluated by Auger electron
spectroscopy (AES). Effectiveness of passivation coating was evaluated by measuring
the dynamic impedance-area product at zero bias R0 A as a function of temperature
and perimeter-to-area ratio for the detectors.

5.5.1

Aqueous ammonium sulfide passivation

First, we used solution of ammonium sulfide to passivate the detectors since this is
simple and commonly used method for passivation of InAs/GaSb SL devices. Before
studying the influence of aqueous ammonium sulfide passivation on GaSb-based Sl
detectors, we performed passivation of single-crystal Te-doped GaSb (001) double
side polished epi-ready substrate. All samples were initially degreased by sequential
rinse in acetone, isopropanole and deionized (DI) water (5 minutes each) and then
blow dry with nitrogen. In order to remove surface oxides, the degreased GaSb wafers
were immersed in 36% HCL diluted in one part of water for 3 min and then rinsed
with isopropanol. The passivation solution contained 20% ammonium sulfide diluted
in four parts of water. The GaSb sample was immersed in the passivation solution
for 1h at room temperature, followed by a DI water rinse and nitrogen blow-dry.
The passivation efficiency was evaluated by room-temperature PL measurements
in an hour after passivation process. Degreased GaSb:Te was used as an reference
sample. Results are presented in Figure 5.5. PL peak intensity from passivated
sample was factor of 1.7 larger than PL peak intensity of reference sample. After
the verificaton of effectivness of ammonium sulfide passivation on bare GaSb, we
performed further studies to investigate the influence of the same passivation solution
on SL detectors.
The effect of ammonium sulfide passivation on InAs/GaSb superlattice infrared
detectors was investigated using two complementary techniques, namely, picosecond
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Figure 5.5: PL intensity of passivated and unpassivated GaSb:Te

excitation correlation (PEC) measurement and variable-area diode array (VADA)
surface recombination velocity (SRV) measurement [101].

PEC measurements
PEC measurements were undertaken on nominally undoped 8 ML InAs/8 ML GaSb
superlattices that were 3.3 µm thick. Mesas measuring 430 × 430µm2 were etched
into the superlattices, which were subsequently passivated in aqueous ammonium
sulfide solutions of various strengths for several durations. A summary description
of the samples is provided in Table 5.1.
Table 5.2 lists PEC signal’s decay time constants (DTCs) extracted from PEC
experimental results for our passivation study samples. It was shown [39] that for
small excitation densities, the absolute value of PEC signal decreases more or less
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Table 5.1: Descriptions of samples used in the PEC measurement
Scheme
Sample description
A
As-grown
B
Etched and unpassivated
C
Etched and passivated in (NH4 )2 S : water= 1 : 4 for two hours
D
Etched and passivated in (NH4 )2 S : water= 1 : 6 for one hours
E
Etched and passivated in (NH4 )2 S : water= 1 : 6 for two hours

exponentially from its maximum at zero delay, with a time constant proportional to
the carrier lifetime.
The following observations were made based on Table 5.2: (1) surface states of
the etched InAs/GaSb superlattices reduce the DTC by a factor of two, (2) under
all three passivation conditions, DTCs are at least doubled by passivation, (3) the
unpassivated as-grown sample has a shorter DTC than all three passivated etched
samples, probably because it has a relatively large SRV in comparison with the
passivated samples and (4) the best passivation technique found in our experiment
was dipping the sample in (NH4 )2 S20% : H2 O = 1 : 4 for two hours, which increased
the DTC by five times. For the high excitation densities used in our experiment the
exponential decay approximation might have induced some error to the extracted
lifetime values.
To study quantitatively the effect of passivation on the surface recombination
process, we undertook a complementary approach, namely the VADA technique,
which is discussed in the next section.

Table 5.2: PEC signal decay time constants of InAs/GaSb superlattice passivation
study samples.
Sample
A
B
C
E
D
PEC signal decay time constant, ns 2.0 1.2 10.4 6.3 2.4
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Variable-Area Diode Array (VADA) Surface Recombination Velocity measurement

The principle of VADA technique is as follows. In a series of diodes of the same
shape but different sizes, a diode’s perimeter to junction area ratio (P/Aj ) increases
as its size decreases. Thus, a smaller-area diode’s performance is more dependent
on surface effects and less dependent on bulk effects than a larger-area diode. To
obtain SRV the diodes’ inverse zero-bias dynamic resistance-area products (1/R0 A)
are plotted as a function of P/Aj
Our superlattice photodiode structures were grown by molecular beam epitaxy on
an undoped (001)-GaSb substrate. MBE growth originated from 1µm-thick GaSb:Be
(2.1 × 1017 cm−3 ) buffer layer serving as a p-type contact layer. Subsequently, 300
periods of a nominally undoped 8 ML InAs/ 8 ML GaSb superlattice were grown.
Finally, a 200Å InAs:Te (1.8 × 1016 cm−3 ) n-type contact layer terminated the structure. The samples were processed employing standard optical lithography with a
mask set containing circular and square mesa diodes having variable areas from
0.16mm2 to 4.9 × 10−4 mm2 . The fabrication sequence started with mesa etching
using H3 P O4 : H2 O2 : H2 O = 1 : 2 : 20. After the mesa definition, Ohmic contact metallization was performed with the lift-off technique using Ti/Au for n-type
InAs and Ti/Pt/Au for p-type GaSb. Lastly, the passivation sample was dipped in
HCl : H2 O = 1 : 1 for three minutes and blow dried with nitrogen to remove oxides
immediately before it was immersed in (NH4 )2 S20% : H2 O = 1 : 4 for 30 minutes.
The unpassivated sample was processed in the same way as the passivated sample
except for the passivation procedure. The diodes were wire bonded after processing
and characterized by dark current I-V measurements while being maintained at 77
K.
In Figure 5.6, 1/R0 A versus P/Aj is plotted for devices from both the unpassi-
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vated and passivated samples. It sould be noted we approximated our p+ − n+ − n
diodes as p+ − n+ diodes; therefore, the SRV obtained would be the SRV at the

junction between the InAs/GaSb superlattice and the GaSb layer. To extract SVR
from measured data we used linear fitting model as shown in equation 5.7:

GaSb GaSb
P
1
q(nSL xSL
xd )s0
1
d +n
×
=
+
R0 A measured R0 A bulk
Vbi
Aj

(5.7)

here nSL and nGaSb are carrier concentrations in SL and GaSb, respectively; xSL
d
and xGaSb
are deplition widths in SL and GaSb, respectively; s0 is the SRV and Vbi
d
is built-in potential.

Figure 5.6: The reciprocal of the R0 A product at 77 K versus the perimeter-to-area
ratio for the passivated and the unpassivated superlattice samples

Using the envelope-function approximation model [31], the conduction band edge
discontinuity between the 8 ML InAs/8 ML GaSb superlattice and GaSb layer was
calculated to be 0.58 eV. Using band diagram of the n+ InAs/GaSb superlattice and
p+ GaSb heterojunction, the following parameters were obtained: Vbi = 0.13V, xSL
d =
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0.062µm and xGaSb
= 0.014µm. Substituting these values into equation 5.7, we
d
determined the unpassivated sample’s SRV to be 1.1 × 106 cm/s and the ammonium

sulfide passivated sample’s SRV to be 4.6×105 cm/s, thereby proving that ammonium
sulfide passivation improved the surface quality of the InAs/GaSb superlattice and
the GaSb layer. At 77 K the highest R0 A value measured in our passivated devices
was 2540 Ω × cm2 versus 0.22 Ω × cm2 for the unpassivated diodes.
To investigate long-term stability provided by aqueous ammonium sulfide passivation we measured ratio of peak PL intensities for passivated and reference pieces
of GaSb:Te substrate in a hour, in two hours and after 24 hours after the passivation. After passivation samples were storaged in plastic containers without inert
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Figure 5.7: Investigation of long-term stability provided by ammonium sulfide passivation

As can be noticed from the Figure 5.7 the ratio of peak PL intensities for pas-
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sivated and reference pieces of GaSb:Te substrate in 24 hours after passivation is
close to unity. It can be explained by the fact of sulphur oxidation on the air and
disappearance of passivation coating from the surface. Sulphur film has to be protected by additional coating (SiO2 or Si3 N4 ) to prevent evaporation of sulphur from
the surface. Also, aqueous-based sulfidization posesses several additional serious
drawbacks:
• Re-adsorption of oxigen during the passivation process causes secondary oxidation. In aqueous treatment the hydrophobic surface generated by oxide removal
steps repels the solution and leaves the surface exposed for O2 -readsorption.
• Toxic hydrogen sulfide, H2 S, is released during wet sulfidization
• Low degree of reproducibility
• Inherent disadvantages of wet processing, namely, a lack of isotropy, poor process control, excessive particle contamination and a lot of generated chemical
waste.
Despite observed improvement in surface characteristics of GaSb surfaces and
InAs/GaSb SLs detectors after aqueous-based amonium sulfide treatment, the instability and poor uniformity of obtained sulphur coating force us to look for the other
sulfidization schemes.

5.5.2

Electrochemical passivation (ECP) treatment

The electrochemical cell for the sulphur passivation consisted of the sample (anode),
a platinum mesh electrode (cathode) and the electrolyte in a glass beaker at room
temperature. The electrolyte was Na2 S in ethylene glycol. Schematic ECP set up
is shown in the figure 5.8. The electrochemical reactions on the cathode and anode
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can be written as 5.8,5.8, respectively. Immediately before passivation, the native
oxide was removed using a 37% HCL solution diluted in ten parts of water for 30
seconds. A square-shaped constant dc current with variable values was supplied from
the programmable current source to the back of the sample for a limited amount of
time. Then samples were rinsed with isopropanol and blow dried with N2 .

Figure 5.8: Schematic of ECP set up

2Na+ + 2e −→ 2Na

(5.8)

S 2− − 2e −→ S

(5.9)

First, electrochemical passivation was performed on four pieces of GaSb:Te substrate cleaved in ∼ 1cm2 . All samples were initially degreased by sequential rinse in
acetone, isopropanole and deionized (DI) water (5 minutes each) and then blow dry
with nitrogen. Electrolyte solution consisted of 0.1MNa2 S (anhydrous) in ethylene
glycol (anhydrous) (pH = 12.0) Sodium sulfide was dissolved in ethylene glycol at
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T ∼ 50◦ C with constant stirring. Then solution was cooled to the room temperature
for the passivation. Each piece of substrate was immersed in 37% HCl for 1 min for
removing native oxide right before passivation process. Parameters of experiment
are listed in the Table 5.3.
Table 5.3: Parameters for the GaSb:Te substrate treated by ECP
Sample no. Applied current, A Time, min
1
3.5 × 10−3
3
−3
2
0.35 × 10
3
−3
3
0.035 × 10
3
4
3.3 × 10−6
3
Room temperature photoluminescence (PL) measurement were performed on passivated GaSb:Te substrates. Cleaned piece of GaSb:Te substrate without passivation
film was used as a reference sample. Measured PL intensities are presented in the
Figure 5.9.
As can be noticed from the Figure 5.9 the maximum improvement in peak PL
intensity was achieved for passivation scheme no. 4, with applied current equal to
3.3µA. With higher values of applied current the efficiency of passivation was lower,
it can be attributed to the poorer uniformity of passivation coating.
To investigate influence of different passivation conditions on effectivness of ECP
process, we used the n-i-p detector structure consisted of 1µm thick GaSb Be-doped
contact layer followed by 300 periods of 10ML InAs/ 10ML GaSb SLs. Structure
was capped by 0.1µm thick InAs Te-doped contact layer. The samples were processed employing standard optical lithography with a mask set containing circular
and square mesa diodes having variable areas. Processing was initiated with combination of dry and shallow wet phosphoric acid-based chemical etching (etch depth
∼ 2.5µm) for mesa definition. Then the top and bottom ohmic contacts to the ntype InAs and p-type GaSb, respectively, were evaporated. We used Ti (500 Å)/Pt
(500 Å) /Au (3000 Å) as p and n-contact metals.
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Figure 5.9: PL intensity of passivated GaSb:Te substrate at different applied currents

Optimization of applied current
Parameters for the current optimization experiment are listed in the Table 5.4. All
experiments were performed at room temperature.
Table 5.4: Current optimization for ECP
Scheme no. Applied current, A Time, min Solution concentration pH
1
3.3 × 10−6
5
0.1M
12.0
−6
2
33 × 10
5
0.1M
12.0
−6
3
333 × 10
5
0.1M
12.0
Dark current densities as a function of bias for 58µm × 58µm mesa for different
passivation schemes are shown in the Figure 5.10
Dark current densities at Vb = −0.5V measured for passivation schemes listed
in the Table 5.4 are shown in the figure 5.11. For the smallest mesa size, equal
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Figure 5.10: Dark current densities as function of applied voltage measured for passivation schemes with different applied currents

to 25µm × 25µm applied current equal to 3.3µA caused reduction of dark current
density by factor of 1.7 whereas passivation schemes no. 2 and 3 caused reduction
of dark current density by factor of ∼ 5. However, surface examination under Nomarski microscope showed increased surface roughness after application of 333µA
current and passivation scheme with applied current equal to 33µA was chosen for
the following studies.

Optimization of passivation time
Parameters for the passivation time optimization experiment are listed in the Table 5.5. All experiments were performed at room temperature.
Dark current densities were measured for each passivation scheme listed in the
Table 5.5 and presented in the Figure 5.12. Surface and bulk components of dark
currents for unpassivated device were extracted and also presented in the same plot.

132

Chapter 5. Surface Passivation

160
Unpassivated

3.3 A
33 A
Passivation scheme 333
A
V=-0.1V
T=300K

140

Passivation scheme

120

100

80

60

40

C

urrent density,

A

/cm

2

Passivation scheme

20

0

1E-5

1E-3

1E-4

A

2

rea, cm

Figure 5.11: Dark current densities measured for passivation schemes with different
applied currents

Table 5.5: Optimization of passivation time
Scheme no. Applied current, A Time, min Solution concentration pH
4
33 × 10−6
3
0.1M
12.0
−6
5
33 × 10
5
0.1M
12.0
−6
6
33 × 10
8
0.1M
12.0
The average values of dynamic-area products at zero bias 1/R0 A versus perimeterto-area-ratio were calculated for the different passivation schemes and represented in
the Figure 5.13.
As can be concluded from the Figures 5.12 and 5.13, changing of passivation
treatment time did not influence effectivness of passivation. It can be explained as
follows: passivation effect is determined by the saturation of dangling bonds by sulphur atoms on the GaSb/InAs etched surface. When passivation layer with thickness
in order of several MLs is formed, what is happened during the first seconds of ECP,
the ECP experiment can be finished. However, the formed passivation coating is
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Figure 5.12: Dark current densities measured for different passivation times

very thin and is subjected to easy oxidation. Then additional time contributing to
the formation of thickier passivation caoting is required
For the next studies, we choose passivation time equal to 5 minutes and applied
current during passivation equal to 33µA. Using these parameters and concentration
of passivation solution equal to 0.1M (pH = 12.0), ECP was performed at room
temperature on the diodes consisted of 300 periods nominally undoped 10ML InAs/
10ML GaSb SLS sandwiched between n and p contact layers. The samples were
processed employing standard optical lithography with a mask set containing circular
and square mesa diodes having variable areas from 0.16mm2 to 4.9 × 10−4 mm2 .
Thickness and composition of deposited sulphur coating were estimated by Auger
Electron Spectroscopy (AES) measurements. Fig. 5.14 shows the coverage of sulphur
atoms on the sidewall of the detector along with the secondary electron microscopy
(SEM) image of the device indicating the location of the linescan. The thickness
of sulphur-rich layer was estimated to be ∼ 50Å, based on a full width at half134
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Figure 5.13: 1/R0 A product measured for different passivation times

maximum (FWHM) method relative to SiO2 equivalent etch rates and indicates that
the sulphur atoms uniformly coat the exposed sidewall. Sodium, carbon and oxygen
were also detected in addition to sulphur on the InAs/GaSb sidewalls, possibly from
the ECP process. .
To measure the electrical response of the devices, dynamic impedance-area product at zero bias RO A as a function of temperature was measured for (a) as-processed
detectors, (b) after two week exposure to atmosphere and (c) after electrochemical passivation (ECP) treatment. Fig.

5.15 shows that the R0 A at 50K for the

processed device degraded by factor of four as compared to the value of R0 A obtained immediately after processing. This could be due to the oxidation of exposed
mesa sidewalls, which, in turn, formed conductive channels parallel to the interfaces.
Thermodynamic analysis predicts the formation of elemental antimony layer at oxideGaSb interface during exposure of GaSb to atmosphere. Due to semi-metallic nature
of elemental Sb this layer is known to be conductive. Prior to the ECP treatment,
the native InAs and GaSb oxides were removed using the HCl soak. In addition, the
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Figure 5.14: Coverage of sulphur atoms on the sidewall of the detector obtained from
Auger Electron Spectroscopy

dangling bonds originating from the termination of the lattice were passivated by
the sulphur atoms deposited by the ECP process. As results, the R0 A at 50K was
improved by three orders of magnitude after ECP.
To measure the stability of the passivation, dark current densities were measured
for the as-processed and passivated n-i-p detectors. Results are presented in the
Figure 5.16. Dashed curves represent surface and bulk components of dark current
measured for the unpassivated device.
Due to the fact that the surface/volume ratio increases with decreasing mesa size,
the smaller-area diode’s performance is more dependent on surface effects and less
dependent on bulk effects than a larger-area diode. Consequently, the effect of ECP
is more pronounced for the detectors with the smaller area. The long-term stability
of passivation is a critical parameter for the devices in which the performance is a
strong function of surface properties. As can be noted from Fig. 5.16, the measured
dark current density does not degrade considerably even after 12 weeks after ECP.
Improved R0 A values at low temperature (and improved D* values) as well as
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enhanced long-term stability of passivation coating deposited by ECP motivate us
to use ECP passivation for the or the realization of stable passivation coatings for
infrared focal plane arrays based on SLs.

5.6

Conclusion

In this chapter we described presuppositions for the passivation of InAs/GaSb SLs
detectors. Origins of intrinsic (arised from terminated well-ordered surface without defects) and extrinsic (arised from structural imperfections, impurities or oxide
layers) surfaces states were defined. Two passivation schemes, based on saturation
of dangling bonds by sulphur, were investigated. Despite observed improvement in
surface characteristics of GaSb surfaces and InAs/GaSb SLs detectors after aqueousbased amonium sulfide treatment, the instability and poor uniformity of obtained
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sulphur coating force us to look for the other sulfidization schemes. Electrochemical
sulfidization showed effective passivation of exposed sidewalls in InAs/GaSb SLs. A
uniform layer of sulphur about 50Å thick was deposited and prevents the formation
of native oxide on exposed sidewalls and satisfies the surface dangling bonds. As
a result, surface leakage currents were reduced and overall device performance was
improved. This suggests the potential of electrochemically deposited sulphur for the
realization of stable passivation coatings for infrared focal plane arrays based on SLs.

138

Chapter 6
P-on-N Strain Layer Superlattice
Detectors

6.1

Introduction

In Chapter 4 we discussed N-on-P SLs diodes. N-on-P diode design is not compatible with commercially available read-out integrated circuits (ROICs). ROIC is an
essential part of FPAs. ROIC development is expensive and requires a specialized
experience base. Due to this reason academic institutions involved in detector material development cannot typically afford the development of a new ROIC. Since
standardized high-performance ROICs prefer to operate with p-on-n polarity [8], a
p-on-n SLs detector design have to be developed.
In this chapter, we describe high performance P-on-N InAs/GaSb SLs based
MWIR (λcut−of f ∼ 4.8µm at RT) detector. The polarity of the device was changed
to ensure compatibility with most commercially available ROICs. Spectral response,
dynamic resistance - area product and spectral detectivity were evaluated for the
range of temperatures. Influence of silicon nitride passivation on supression of surface
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currents was investigated. Finally, images obtained from 320x256 focal plane array
based on p-on-n design of detector will be presented.

6.2

Growth and processing

Detector structures investigated in this work were grown using solid source molecular
beam epitaxy (MBE) VG-80 system on n-type epiready (100) GaSb substrates. The
growth conditions and procedure were described earlier in Chapter 3.
The device structure consisted of ∼ 1.5µm 8ML InAs/8ML GaSb SL (300 periods)
unintentionally doped absorber grown on top of 400nm thick n-type contact layer
(consisting of 8ML InAs/8ML GaSb SL with Si-doped InAs layers) and followed
by 50nm of p-type (Be-doped) thin GaSb layer served as the top contact. We did
not use n-type GaSb or n-type InAs as a material for n-type contact layer since at
the interface of GaSb, the Fermi level is pinned close to the valence band, so it is
relatively difficult to make low-contact resistivity ohmic contacts to n-type GaSb. Ntype InAs forms type-II interface with non-intentionally doped SL and, consequently,
barrier for the minority carriers flow is formed.
The material was processed into variable area diode arrays using standard optical
photolithography technique. The pixels were defined by combination of dry and
shallow wet etch. Size of diodes mesa side ranged form 29µm to 804µm. After
photoresist removal and wafer cleaning, wafer was patterned for the top and bottom
ohmic metallization. We used Ti (500A)/Pt (500A)/Au (3000A) for both contacts.
Then contacts were annealed during 1min at 380C for the improvement of contact
resistance. No anti-reflection coating was applied.
Silicon nitride was deposited on oxide-free surface for passivation purposes. The
deposition was conducted at room temperature. Native oxide was removed by short
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dip in 36% solution of hydrochloric acid. Wafer was hybridized using compression
bump bonding to a silicon fanout chip. Hybridization was performed in collaboration
with QmagiQ LLC and Santa Barbara Focal Plane (SBFP). The backside of the wafer
was then mechanically lapped to a thickness of about 20µm to reduce absorption in
GaSb substrate and optical crosstalk between neighboring detectors. For the future,
we are planning to include AlGaSb etch stop layer as an intermediate layer between
GaSb substrate and detector structure. It will enable the complete removal of GaSb
substrate using chemical etching. Figure 6.1 shows a fragment of 320x256 FPA before
bonding to a silicon fanout chip. Inset shows enlarged In-bumps.

Figure 6.1: 320x256 FPA based on p-on-n detector design

6.3

Detector characterization

The characterization of the device was undertaken at Santa Barbara Focal Plane
(SBFP).
The temperature dependent I-V characteristics of the diodes were measured. Figure 6.3 shows the dark current vs. temperature at -0.1V for one of such diodes, with
mesa side of 204µm. At -0.1V bias, the measurements revealed total dark current
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Figure 6.2: Dark current density for 804 µm mesa size diode at 300K. Inset showes
values of dark current densities at -0.1V vs. mesa size at 300K.

density below 1.5 × 10−4 at 82K Acm−2 and below 0.18 Acm−2 at 240K. Figure 6.2
shows dark current density for 804 µm mesa size diode at 300K. Inset showes values
of dark current densities at -0.1V vs. mesa size at 300K. Note the dark current
density was equal to ∼ 20mA/cm2 at -0.1V.
Dynamic impedance-area product at zero bias R0 A as a function of temperature was calculated based on dark current data. The measurements reveal dynamic
impedance values of R0 A = ∼ 1 × 105 Ωcm2 at 82K and 0.24 Ωcm2 at 240K.
Spectral response from the SL detectors was measured as function of temperature
and applied (negative) bias for the devices with different sizes. All devices, regardless
of size, showed a similar spectrum with cut-off wavelength equal to 4.1-4.2 µm at
liquid nitrogen temperature (approximately 77K). Applied bias did not affect the
behavior of spectral response curves. The average normalized spectral response for
the 204µm x 204µm device is shown on inset in Figure 6.4. Cut-off wavelength was
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shifted to ∼ 4.8µm at room temperature. We attribute this shift to the change in
bandgap as a function of temperature.
Responsivity of this device at λ = 4µm was measured and then quantum effciency
was evaluated (Figure 6.4). Current responsivity reached 1.2 A \ W at -0.1V and
corrsponding QE was equal to 36% (front side illumination, no anti-reflection coating
was applied).
The spectral detectivity D* was estimated using
s
√
Ad ∆f
η·λ
1
∗
D = Ri
=
·
)
in
1.24
(2qJ + R4kT
A
d

(6.1)

d

where Ri and η is the responsivity and external quantum efficiency of the detector;
in is the noise current resulting from Johnson noise ( A4kT
) and shot noise (2qJ)
d Rd
components; Ad is the area and Rd is the dynamic resistance of detector, respectively.
Figures 6.5, 6.6 represents the D* and quantum efficiency values for the different
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device at 77K

bias voltages at 82K and 240K, respectively. At zero bias D* reached about 2 × 1012

Jones and 2 × 109 Jones for 82K and 240K respectively. Since no anti-reflection

(AR) coating was applied to the backside of detectors array, the modeling give a
33% loss in reflection from the surface of GaSb. Hence, the measured QE values can
be multiplied by 1.5 for the AR coated estimation of QE. These are among the best
reported D* for SLS based material at high temperatures. The dependence of QE
on the applied bias suggests a photoconductive action, where the bias enables the
collection of more photocarriers. We are presently undertaking studies to investigate
the bias dependent behavior of the QE when the thickness of the active region is
changed.
The inverse of the dynamic resistance –area product at zero bias R0 A as a function
of the perimeter to area ratio at 82K for passivated diodes is shown in Figure 6.7.
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Figure 6.5: Spectral detectivity as a function of applied bias for 82K. Bias-dependent
QE is also shown for the same temperatures

The surface dependence of R0 A can be approximated as
1
1
1
P
=(
)bulk +
·
R0 A
R0 A
rsurf ace A

(6.2)

where (R0 A)bulk is the bulk R0 A contribution (Ωcm2 ), rsurf ace is the surface resistivity (Ωcm), P is the diode’s perimeter and A is the diode’s area. For the diode
of infinite size (P/A = 0) R0 A given by equation ( 6.2) yields the bulk R0 A value of
the material, independent of the surface effects. The slope of the function given by
equation ( 6.2) is directly proportional to the surface-dependent leakage current of
the diode. We found values of rsurf ace equal to 5 × 105 Ωcm and (R0 A)bulk equal to
0.3 × 104 Ωcm2 . These results demonstrate the proper surface preparation followed

by high-temperature Si3 N4 deposition is effective in reduction of leakage currents
in type-II InAs/GaSb superlattice photodiodes. In addition, the measured values
for surface resistivity are four orders of magnitude higher than reported earlier by
other research groups for passivation of InAs/GaSb SLs photodiodes by deposition
of insulator layers [2]. Data scattering is presented in data presented in Fig.6.7. We
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attribute it to the non-uniformity of material properties happened during the growth
and processing of the detectors.
Figure 6.8 shows images obtained from 320x256 FPA based on detectors with
p-on-n design. Images were taken at 68K.
In conclusion, we developed a high performance p-on-n InAs/GaSb SLs based
MWIR (λc ∼ 4.8µm at RT).The polarity of the device was changed to ensure compatibility with most commercially available ROICs. Excellent values for the D* and
R0 A was obtained at higher temperature. A room temperature SiNx passivation
film demonstrated excellent surface property with rsurf ace = 5 × 105 Ωcm. Thus, performance of InAs/GaSb SL detectors with p-on-n design did not degrade if compare
with regular n-on-p detectors. Along with compatibility with most commercially
available ROICs this allows to consider SLs as a competing high operating temperature detector technology.
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7.1

Conclusions

This work is focused on development of high performance mid-IR InAs/GaSb SL
detectors. SLs detector technology has inherent advantages over present-day detection technologies. Namely, the InAs/GaSb SLs are characterized by larger electron
effective mass which leads to smaller leakage currents and higher detectivity; higher
quantum effcicency originates in interminiband transitions stipulating normal incidence absorption; adjustable bandgap provide tunable cut-off wavelength and, in
turn, multicolor capacity of FPAs based on InAs/GaSb SLs. Moreover, by appropriate variation of of layer thickness and composition it is possible to tailor the light-hole
and heavy-hole band separation to supress Auger recombination with a consequent
increase in carrier lifetime.
In chapter 1 of this dissertation we introduced the general concept of infrared
detection. Detection principles (with concentration on photovoltaic effect), detector
types (thermal and photon) and conventional figures of merit (external quantum
effcicency, noise equivalent power, spectral detectivity) were discussed. Finally, pros
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and cons of competitive infrared technologies (based on mcrobolometers, MCTs, bulk
InSb, QWIPs and QDIPs) were described and alternative technology for IR detection
(based on type-II InAs/GaSB SLs) was introduced.
In chapter 2 we described variety of characterization techniques utilized in this
work. To thoroughly understand operation principle of device and be able to design detectors with required characteristics as much as possible information about
material and detector properties have to be available, beginning with parameters
of as-grown material and ending with characteristics of detector performance. We
chcracterized structural, optical and morphological properties of as-grown material
by XRD, PL/absorption annd AFM techniqies, respectively. The electrical behavior
of processed detectors was investigated by current-voltage measurements. Detector
performance also was characterized by spectral response and responsivity measurements. Detector noise measurements were performed in collaboration with University
of Illinois. Chemical composition of passivation layers was investigated by AES technique (performed by Evans Analytical Group). Hybridization and characterization
of FPAs was performed in collaboration with QmagiQ LLC and Santa Barbara Focal
Plane (SBFP).
Objective of chapter 3 was the growth of InAs/GaSB SLs on GaSb substrates by
molecular beam epitaxy (MBE) technique. Different aspects of the techniqie critical
for the obtaining of good crystalline quality epitaxial film were discussed. Namely,
this is substrate preparation, accurate calibration of growth rates and temperatures.
We found that optimal temperature for deposition of SL is 45◦ lower than temperature Tt of (1 × 3) to (2 × 5)reconstruction transition observed on the GaSb surface
under 1 × 10−6 Sb-flux. The optimal deposition temperature for GaSb layer which

serves as a contact layer in SL dtector structure was found to be 100◦ higher than
T t. AFM measurements revealed the rms roughness of SL and GaSb layers grown at
optimized temperature in order of one monolayer. This is an indicator, along with
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results of HRXRD measurements, of perfect crystalline quality of grown structures.
Choice of shutter sequence during SL growth is important since it determines
which type of interface (“GaAs“ - like, ”InSb-like“, or both) will be formed between
compositionally abrupt GaSb and InAs layers. We found shutter sequence with As
and Sb ”soak-times“ is the optimal one for the SL growth (with 2 and 12 seconds
of As and Sb-soak, respectively). Since the lattice constant of InSb (GaAs) is much
larger (smaller) than that of the GaSb, an insertion of few monolayers of these
materials into SL allows to grow strain-compensated SL material. Thus, detectors
with thick SL region (absorber) can be grown without degrading its quality. Since
external quantum efficiency is proportional to the absorber thickness, detectors with
enhanced values of QE can be grown. Detector strucutre with 625 periods of SL has
been grown. The HRXRD analysis revealed excellent crystalline quality of the film;
the FWHM of the first order satellite SL peak was found to be equal to 25 arcsec and
lattice mismatch was less than 0.1%. Low and room temperature PL was observed
confirming the good optical quality of the sample.
Chapter 4 is devoted to the high performance mid-infared InAs/GaSb SLs detectors (λcut−of f was ∼ 4.3 at 50K and ∼ 5.0µm at 300K) grown by molecular beam
epitaxy. Temperature dependent I-V curves were measured at the large range of
temperatures (30-300K). Dynamic impedance-area product RA at different temperatures was calculated based on dark current data. The R0 A at 30K was equal to 30
Ωcm2 and R0 A at 300K was 0.02 Ωcm2 . Relatively low values of dark current density
at 0-100meV bias values and R0 A imply the surface current become dominant component of dark current at low temperatures. At higher temperatures values of dark
current density and dynamic-area resistance at zero bias are comparable with the
best values reported in the literature. This can be explained by the reduced influence
of surface component of dark current (if compare with the bulk component of dark
current) for devices with small perimeter-to-area ratios (e.g. 400µm × 400µm) at
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higher temperatures.
The current responsivity of the diodes has been measured to 2.16 A/W at V =
–0.3V using background illumination from a 300K environment. External quantum
efficiency was estimated to 67% (Vb = -0.3V at 300K. We believe that the improved
external quantum efficiency is due to the optimized growth conditions including the
optimization of As and Sb soak times. The detectivity D ∗ at 80K was estimated
by measuring the noise spectrum at 80K and the white-noise and 1/f noise limited
D ∗ = 5.2 × 1010 Jones and 3.0 × 1010 Jones, respectively (Vb = -0.02V, 300K 2π
FOV). At 300K spectral detectivity was estimated using the dark current data. At
room temperature and -0.3V of applied bias spectral detectivity reaches ∼ 7 × 1010
Jones. This is among the highest values reported in the literature for Sls detectors.
Chapter 5 describes methods for improving of InAs/GaSb SL detector performance at low temperatures and with scaling of device size. In both cases the surface
leakage currents are dominant dark current component and methods for the reduction of these currents should be found. Passivaton of exposed detector sidewalls
by sulphur atoms was found to be good method of surface current reduction. Two
passivation schemes, based on saturation of dangling bonds by sulphur, were investigated. Despite observed improvement in surface characteristics of GaSb surfaces and
InAs/GaSb SLs detectors after aqueous-based amonium sulfide treatment, the instability and poor uniformity of obtained sulphur coating forces us to look for the other
sulfidization schemes. Electrochemical sulfidization showed effective passivation of
exposed sidewalls in InAs/GaSb SLs. A uniform layer of sulphur about 50Å thick was
deposited. A dynamic resistance-area product at zero bias was improved by three
orders of magnitude for the passivated device and dark current density was reduced
by factor of 5 at V = -0.1V after ECP treatment. Moreover, passivation coating was
stable on the surface even after three monts after ECP. This suggests the potential of
electrochemically deposited sulphur for the realization of stable passivation coatings
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for infrared focal plane arrays based on SLs.
Chapter 6 describes InAs/GaSb SL detector with reversed (p-on-n instead of non-p) polarity. The polarity of the device was changed to ensure compatibility with
most commercially available ROICs. For the growth and processing of the detector
we used already optimized conditions. Perfomance of the detector did not degrade
with the changing of polarity. We found dynamic resistance-area product at zero bias
equal to ∼ 1 × 105 Ωcm2 at 82K and 0.24 Ωcm2 at 240K. At zero bias D* reached

about 2 × 1012 Jones and 2 × 109 Jones for 82K and 240K respectively. These are
among the best reported D* for SLs based material at high temperatures. Images
from 320x256 FPA based on p-on-n detector design were shown.
In conclusion, we developed optimized design abd conditions for the growth of
InAs/GaSb SL detectors. Performance of detectors with n-on-p design was evaluated
at low (77K) and toom temperatures. Obtained characteristics (operation temperature, level of dark current, spectral detectivity, responsivity and quantum efficiency)
are between the best reported in the literature. SL detector with reversed polarity and without significant degradation of performance was demonstrated. 320x3256
FPA on the base of p-on-n detector design was built and taken images were presented.

7.2

Future work

Strain layer superlattice detectors is a new promising detection technology. Since
it was studing extensively only one decade, physics of this material system was not
understood completely yet. Several issues requiring attention are:
• Minority carrier lifetime
To date, there is no comprehensive study correlating the carrier lifetime to
the structural properties, growth parameters and surface passivation of the
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SL. Such a systematic study will provide invaluable data such as the minority
carrier diffusion length and lifetime and intersubband relaxation time that will
enable to determine the limiting scattering mechanisms in InAs/GaSb system,
such as Shockley Read Hall and Auger recombination.
• Detector structure optimization
Based on the known minority carrier lifetime, diffusion length of minority carriers can be determined. This will allow us to optimize absorber thickness of
SL detectors, and, in turn, external quantum efficiency.
• Device performance optimization
Since we are convinced the reason of relatively low detector performance at
low temperatures lies in not optimized bandgap alignment of heterostructure
interfaces (GaSb contact layer - SL and SL - InAs contact layer) the modeling
of bandgap lineup in the whole structure and device characteristics has to be
performed.
• nBn detectors
In order to reduce detector dark currents and to achieve higher operating temperatures compare with regular (n-on-p or p-on-n) SL detector design, we plan
to insert Alx Ga1−x Sb barrier into the detector structure (nBn detector). The
barrier blocks the majority carrier current, but allows the minority photogenerated carriers to reach the metal contact. Suppression of Schokley-ReadHall (SRH) and surface leakage currents as well as increased BLIP temperature
are expected outcomes.
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